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ABSTRACT
Musical acoustics is  a diverse subject, connecting with many 
other areas o f knowledge. Research workers studying topics in this 
f ie ld  have d i f f ic u lty  in finding the information they need, because 
i t  is  so extensive and scattered. This study aims to assist la ter 
workers by co llect ing , assessing and classify ing the data.
Using both trad itional and computerised information-gathering 
techniques, a mass o f data on publications in the f ie ld  has been 
collected. I t  was in i t i a l l y  recorded on handwritten index cards, 
and then transcribed on to punched cards. A system was devised 
whereby information about each publication could be stored in coded 
form on the cards, by notching appropriate punched holes.
This information included the author and date of the
publication, and an indication o f  the subject matter. Theoretical 
and practical aspects o f the operation o f punched card storage 
systems are assessed.
A background survey o f the physics of musical instruments helps 
to c la r i fy  the c lass if ica t ion  system adopted. Four classes of 
publication are defined, and a selection o f the l itera ture  is 
analysed on this basis. C lassified l i s t s  enable desired information 
to be located without d i f f ic u lty .
Using the punched cards, several major contributors to the f ie ld  
have been iden tif ied . L ists o f their publications are presented, their
work is  summarised and i ts  value assessed. Recent trends in the study
o f the f i e ld  are traced, and possible lines o f future progress indicated.
This volume i t s e l f  provides a c lass if ied  analysis o f a selection 
o f the l itera tu re , but the entire punched card f i l e ,  covering several 
times as many publications, forms an integral part o f the submission.
I t  is available in the Department o f Physics, University o f Surrey.
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1: INTRODUCTION
Men have been making and using musical instruments for thousands 
o f  years, and they must have been studying the ways in which they work 
for  very nearly as long. Published texts on the subject go back many 
hundreds o f years, to works such as those of Praetorius (1621) and 
Mersenne (1636). Over the last hundred years or so, the amount of 
research done and published in this f ie ld  has increased at an ever- 
increasing rate. This work has been published in a great variety 
o f journals including those devoted to musical matters and to physics 
in general as well as more specialised acoustical publications. I t  
has now become very d i f f i c u l t  for a single worker to obtain a coherent, 
balanced, overa ll view o f the current state of knowledge in this very 
diverse area. The specialisms involved in such a study, in addition 
to the obvious ones o f  physics and music, include aerodynamics, 
architecture, e le c tr ica l  engineering, physiology and psychology. I t  
is  thus truly a multi-disciplinary f ie ld .
1 .2 Scope o f the Enquiry
The orig inal aim o f this work was to try to assemble details o f 
a l l  research which had ever been carried out on the design, construction 
and operation of musical instruments. In this connection the term 
'musical instrument' was taken to include not only the conventional 
instruments o f the modern orchestra but also those which are or have 
been used fo r  making popular or traditional music. Percussion instru­
ments were excluded, with the exception of the pianoforte, as were 
e lec tr ica l  and electronic musical instruments. Non-instrumental 
aspects o f musical acoustics were also not considered because they 
are to ta l ly  d ifferen t d iscip lines, though the interaction o f instruments 
with the room was included. The tuning and temperament of musical 
instruments were f e l t  to belong more appropriately to music and 
psychoacoustics than to physics. The reasons for these omissions were 
partly practical ones o f time and space, but s c ien t i f ic  considerations 
also played a part. The physics o f  those percussion instruments in which 
the body which is struck is  a solid bar or a be ll ,  or even a membrane, 
rather than a stretched string, is  completely d ifferen t in character from 
that o f the bowed or plucked string, or wind instruments. The propagation 
of e las t ic  waves in the resonator is  multi-dimensional rather than 
v ir tua lly  unidimensional, and the overtones are far from harmonic.
tfhol f k e  k u ^ f l h  Vo  f e e .
1.1 Background to the Problem
I t  is  hoped that i t  may be possible to extend the study at a la ter  
stage to include those areas which are being omitted at present. 
Literature gathering over such a wide and diverse f ie ld  has proved 
to be an extremely extensive and time-consuming task, and i t  was 
essential to establish a system o f p r io r it ies .
1.3 Beginning the Search
As explained la ter , the author inherited a collection o f cards. 
This had not been brought up to date for several years, although i t  
formed a valuable basis. The search really began with a survey o f 
current l itera ture . The principal journals consulted were the 
Journal o f the Acoustical Society o f America (hereafter referred to 
as JASA) and the European acoustics journal Acustica. The accepted 
abbreviation o f the former journal is in fact J.Acoust.Soc.Amer., 
to avoid confusion with the Journal o f the American S ta t is t ica l 
Association. However, i t  is  not considered that such confusion 
could arise in the present work. Entries in JASA are c lassified  
according to the ICSU/AB International C lassification System for 
Physics, the relevant sections o f which are as fo llows:-
43 Acoustics
43.75 Music and musical instruments
43.75D Violin  family: stringed instruments other than 
keyboard type 
43.75E Wood winds
43.75F Brass wind instruments ( l ip  vibrated)
43.75H Drums and other membranophonic instruments
43.75X Bells , xylophones and other instruments having 
r ig id  vibrators 
43.75M Pianos and other keyboard stringed instruments.
Thus i t  w i l l  be seen that on referring to an issue o f JASA the 
c lassifications o f interest to the present study were 75D,E,F and 
M. The prefix 43 is  o f course understood in JASA. However, care 
was taken that no paper o f interest or relevance was omitted, even 
i f  under a d ifferent c lass if ica tion . Attention was also paid to 
le t te rs  to the editor, research notes, and the supplement to JASA 
giving abstracts of papers delivered at meetings o f the Society. 
Similar considerations applied to the search o f current and previous 
issues of Acustica.
I t  w i l l  be convenient at this point to include definitions of 
certain terms which w i l l  be used frequently during the study, and 
about which confusion might arise. The raw material o f the present 
work consists o f publications by other workers, and care must be 
taken to distinguish between these and any other publications 
consulted during the writing o f the thesis.
For this reason the terms ' l i t e ra tu re ' ,  'publication ', 're ference ', 
'entry' and 'data store' w i l l  now be defined.
Literature is  the to ta l mass o f available published information 
in printed form re lating to the f i e ld  o f knowledge under consinderation.
A publication is a contribution to the literature, which may take 
various forms, such as:-
A book
An a r t ic le  in a journal
A le t te r  to a journal
The abstract o f a paper read at a conference
A research report
A review o f a book by another author
A thesis presented for a University degree
A patent specification
A Standard specification
A translation of an orig ina l publication into another language.
Private communications, quoted by some authors and included in their l i s t s  
o f references, would not qualify  as publications under this definition 
because they would not in general be available to other workers.
A reference is  a standard abbreviated statement intended to enable 
a publication to be found. A reference to a paper usually consists of 
the author, journal, volume, page and year. A book is referred to by 
author, publisher, town and year.
1 .4 Definitions of Terms
A data store is  a system enabling information to be stored and 
retrieved at w i l l .  Two data stores were used in this work - a 
conventional card index and a system o f hand punched cards.
Such a simple store might be called an index or f i l e ,  to 
distinguish i t  from more sophisticated electronic systems which 
perform the same functions.
An entry is  an item in a data store. In the present study, 
each entry was in the form o f a card on which was written the 
reference, together with other information about the publication 
concerned.
I t  is  thus easy to see how confusion could arise, because 
i t  would be possible to use the words publication, reference,
entry or card in connection with the same piece of l itera ture
depending on the particular aspect o f i t  which was under consider­
ation. Since the sense in which these terms w il l  be used has been
explained, i t  is  hoped that such d i f f ic u lt ie s  have been avoided.
1.5 Extent o f  Search
The process continued in the obvious traditional way.
Where references were cited at the end o f a paper, these were of 
course investigated in turn, and the references raised by them also 
followed up. Thus the enquiry rapidly snowballed until the point 
was eventually reached where most of the new publications found 
were discovered to be already in the f i l e s .  Wherever possible, 
b r ie f notes were made on the cards indicating the nature and scope 
o f the research reported. However, the p rior ity  was taken to be 
the recording of the reference i t s e l f .
Other useful sources of publications were found. Contemporary 
Papers in Acoustics (CPA) is  published as a supplement to JASA at 
intervals, and is  c la ss if ied  on a similar basis. The Cumulative 
Index to JASA helped to ensure that as few publications as possible 
were missed. Physics Abstracts also was found useful, though very 
laborious to work through.
A few other journals such as the Journal o f Sound and Vibration, 
and Acoustics Letters, were systematically searched, but on the whole 
i t  was found that there were few papers in them which did not appear 
in CPA or Physics Abstracts. Musical and musicological publications 
such as The Strad and the Journal o f the Galpin Society were also 
searched to discover the occasional a r t ic le  written from a s c ien t i f ic  
viewpoint. Use was also made o f published material not generally 
available in l ib ra r ies , such as the Catgut Acoustical Society Newsletter 
and the Bulletin du GAM (Groupement d'Acoustique et Musique,
Universite" de Paris V I ) .  5ee. ^
In this way the volume o f the information stored increased 
rapidly. No attempt was made to keep any sort o f accurate running 
check on numbers'of cards, but i t  is  estimated that there were about 
1200 in mid-1976, and that this had risen to around 2400 by mid-1982.
The increase was due partly to newly-published work and partly to the 
discovery o f previously-written work. As the punched-card f i l in g  
system to be described la ter  has been developed, a l l  information has 
been transferred to that system, but both systems are being maintained. 
This may seem to be a laborious way o f doing i t ,  but each system has
its  advantages, and each acts as a check upon the other. The present
tota l is  probably near 2600.
Thus a great volume o f information was assembled from a wide 
variety o f sources. The task of finding, assembling and classify ing 
the material was extremely laborious and time-consuming. I t  is 
hoped that the ava i lab i l i ty  o f  a l l  this information in readily 
accessible form w i l l  re lieve  la te r  workers o f a considerable burden.
1.6 Analysis o f Material
The information was c lass if ied  on the basis o f author, date, and 
subject. Other data were recorded as well (type o f publication, 
language), but no use has been made o f this information so far. I t  
may be useful in the future in locating particular papers, or in 
comparative enquiries. The subject c lass if ica tion  has been useful 
in iso lating work done on particular instruments, as w i l l  appear la ter , 
and the author c lass if ica tion  has been used to identify  major contri­
butors to the litera ture  in terms o f volume o f output. This l i s t  was
then further considered from a c r i t ic a l  point o f  view, and a number 
o f names arrived at. The contributions of these authors to our 
understanding of the subject are discussed individually in 
Chapter 5.
The selection o f the authors fo r  further consideration had to 
be a fa ir ly  subjective process, but i t  was undertaken using two 
main c r ite r ia .  The f i r s t  was the quality, or fundamental character, 
or applicab ility , o f the work, and the second was i ts  sheer volume.
I t  was not d i f f i c u l t  to measure the la t te r  criterion  using numbers 
o f publications, though i t  had to be borne in mind that a publication 
might be anything from a substantial a r t ic le  in a journal to an 
abstract o f a paper read at a conference in ten or twenty minutes.
1.7 Principles of Computerised Information Search
Use was made o f a computerised data base provided by the 
European Space Agency Documentation Service. This turned out to be 
a very interesting exercise, though a time-consuming, laborious, 
frustrating and largely unprofitable one. The service is  based on a 
computer near Rome, whose store can be interrogated from users' 
keyboards through a telephone link. The contents o f the store consist 
of the t i t l e s ,  references, authors and abstracts o f s c ien t i f ic  papers 
published since the year 1971. No information is  contained in the 
store which is not also available in printed form (e .g . ,  in Science 
Abstracts), but i t  is  claimed that a computer search is  more thorough 
and systematic than a personal one.
Entries in the store are c lass if ied  under various subject and 
topic headings from a l i s t  known as the 'main thesaurus', but the 
system also allows what are called 'f r e e  language' terms to be used, 
that is  to say that the computer may be asked in which papers given 
words (or rather, permutations o f  le t te rs )  appear, either in the t i t l e  
or in the abstract. The difference is  that there is  no need for a main 
thesaurus term to appear in the t i t l e  or abstract at a l l .  The term w il l  
have been attached to the entry by a cataloguer who has decided, for 
example, that the item is  concerned with architectural acoustics, 
although neither word may appear in t i t l e  or abstract.
* I ********** ********************* *'** ****** ****
* *
* t
1 E.S.A. D O C U M E N T A T I O N  SE RVI CE *
* *
* *U **** ** ***** * **** ** <* **<* ********** ****** ******** * *********
USER 451 DATE 106/03/77 T I N E i 12 i 1 Vi 02
S E AR CH  H I S T O R Y  PRINT S UN N AR Y
ET ITEMS I'ESCRIPT ION NO. FILE A CC N / S E T FNT 1TEM-RANC
1 1 36 M USI CAL  A C O U S T I C S 1 8 16 1 1-312
2 187 MU SIC AL I N ST R UM E NT S 2 8 42 1 1 -500
3 282 1 + 2 3 8 42 1 5 0 1- 57 8
4 278 MUS I C 4 8 4© 1 1-24
5 584 M US I C?
6 7368 AC O US T I C
7 706 A C O U S T I C S
8 87 S I (6+7)
9 322 3 + 0  Fig* 1»1 - Print- o u t  Proc
10 if 1 V I OL I N
11 304 V- 10 Computer Search
12 3 10-9
13 3773  IM PED ANC E
14 232 13*6
15 164 ;A(-OUST 1C 1N PE DA N CE
16 „ 312 14+15
17 22 P I A N O ?
18 931 VIOL?
19 220 VIO LET
20 2 VIO L A
21 0 V I O L O N C E L L O
22 2 CEL L O
23 0 V I O L O N C E L O
24 31 HA RP ?
25 6 HA RP
26 4 H A R P S I C H O R D
27 99 FLUTE
28 0 OOL
29 0 OBOE
30 0 CL A R I N E Y T
31 8 CL ARI NET
32 0 BA S S O O N
33 4 TRU MPE T
34 0 TROMB ONE
35 0 TU B A
36 0 CORNET
37 0 B A GP I PE ?
38 184 ORGAN'
39 317 HO R N  L-
40 24 T )NBRE
41 667 1 0 + 2 0 + 2 2 + 2 5 + 2 6 + 2 7 + 3 1 + 3 3 + 3 8 + 3 9 + 4 0
42 578 4 J -3
43 17 40-1
44 153 40+1
45 7 40*1
F i g ,  1 .1 
F a cin g  po7
7.
Since the present enquiry was o f such an interdisciplinary 
nature, so that few o f the main thesaurus terms seemed relevant, 
the computer search was large ly  based on free language terms. In 
the f i r s t  search the term MUSIC? was used. This term instructs the 
computer to search for  papers in which these five  le t te rs  appear in 
this order, either as a complete word or at the beginning o f a word.
The term MUSIC? generated 584 items, which when combined with either 
ACOUSTIC or ACOUSTICS reduced to 322. These publications were traced 
and c lass if ied  into those which were relevant or irrelevant ( fo r  the 
purposes o f the present survey) and also into those which were known 
(that is ,  were already in the f i l e s )  or unknown. Most o f the relevant 
publications were found already to be known, although one or two 
discoveries did emerge.
A second search was then instituted using the names o f spec ific  
musical instruments - VIOLIN, FLUTE, ORGAN, HORN and so on - as the 
search terms. This yielded 578 items, which again were carefully 
checked. A l l  but about 10% o f them were found to be irrelevant, and 
those which were relevant had very largely been found already by 
other means. A survey was made o f the reasons for the selection o f 
irrelevant papers, and i t  was found that the main culprits were the 
descriptors HORN and ORGAN. The former almost always referred to 
microwave horns, and the la t te r  to biological organs. A paper on the 
Horn o f A frica, and another on the Harp Seal, were also found. I t  was 
concluded that, while computerised information search is  very fast and 
e f f ic ie n t ,  i t  is  o f limited u t i l i t y  fo r a survey such as the present 
one. The descriptors need to be selected very carefully, and combined 
very c leverly  in use. I f  this is  not done, a mass of data can be 
generated in a few seconds which may take weeks to check. Furthermore, 
i t  was by no means uncommon for  items to be generated for which i t  was 
impossible to find any conceivable relevance. This could have been due 
to faulty cataloguing. For these practical reasons, as well as financial 
ones, i t  was decided not to proceed with a further search using INSPEC, 
the data base operated by the Institution o f E lectrical Engineers in 
this country. Examples of the print-outs obtained from ESA searches 
are shown in Figs. 1.1 and 1.2.
1.8 Practical Search of Data Base
n ********************************** 
* *
t *
* E.S.A. DOCUMENTATION SERVICE *
* *
* *
* y****** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * t * * * * * * * *
USER 451 DATE»06/03/77 TIMEi12«301 07
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A limited search through ESA o f the US Defense Department 
computer f i l e s  at Los Angeles gave details of reports |Yoi-v\ 
Universities and research organisations, in the USA and Europe. A 
few o f these were previously unknown, and o f these one or two were 
o f marginal relevance. This search was not further pursued.
Contact addresses for the ESA data bank w il l  be found in Appendix B.
1.9 Codifying the Problem
The scale o f the problem was now beginning to emerge. I t  was 
obviously going to be impossible in any reasonable time physically 
to see a l l  2600-odd publications, l e t  alone to evaluate them 
c r i t i c a l ly .  The entire l i s t  was therefore divided into those 
which had been seen and those which had not. 'Seen' in this context 
meant that at least an abstract had been studied, so that the content 
and scope o f  the contribution could be assessed. Such publications 
were then further subdivided, as fo llows:-
Research Publications (Group R)
These described substantial studies o f a general nature, 
whose conclusions provided a basis for further progress.
Survey Publications (Group S)
These gave, in greater or less detail and at a higher or lower 
le ve l ,  an overview o f progress in part or a l l  o f  the 
f i e ld .  Popular expositions and student textbooks were 
thus included in this category.
Technological Publications (Group T)
These addressed themselves to a specific  problem and/or 
a spec if ic  instrument. Their conclusions, i f  any, were 
not generally applicable.
Abstracts (Group A)
Much research in this f ie ld  is  reported upon at conferences.
Such papers are available in the literature in abstract form 
only, so that i t  is  d i f f ic u l t  to study them fu l ly .
I t  is hoped that publication o f the l i s t s  with these c lassifications 
w i l l  simplify the task o f future workers entering the f i e ld .  The 
c lass if ica tion  into Groups R, S, T and A also assisted in the 
selection of authors fo r  further consideration in Chapter 5.
1.10 Summary
I t  w i l l  be clear from the foregoing that the in i t ia l  problems 
were, given the volume o f material already published concerning 
the physics o f musical instruments and the ever increasing rate of 
publication,
(1) to define an appropriate f ie ld  o f study which should be 
neither too limited nor too broad. This has been set out 
in paragraph 1.2.
(2) to devise means of co llecting  the relevant information.
For this the traditional laborious manual method proved 
to be the best in this particular case.
(3) to devise means o f c lass ify ing the data suitable fo r  the 
the purposes o f the investigation. These have been 
described b r ie f ly  in 1.5 and 1.8, and w i l l  be returned 
to later.
The next step was to devise means of storing and retriev ing a l l  
this information. This forms the subject o f the next chapter.
2. INFORMATION STORAGE AND RETRIEVAL
2.1 Requirements for Storage Systems
The starting point fo r this work was, as mentioned above, 
a co llection  o f references to a few hundred publications on 
musical acoustics held in the Department of Physics, University 
o f  Surrey, and already in 1973 not completely up to date. I t  was in 
the form o f handwritten 5" x 3" record cards. As new publications 
were found this index was extended until i t  now contains about 2600 
cards - ten times the orig inal number. This f i l e  was arranged in 
alphabetical order of the surname o f the principal author. Publi­
cations with identical authorship were arranged in chronological 
order. The f i l e  was brought, and is being kept, up to date, in 
addition to. the a lternative system which has been developed.
As the mass o f information grew, i t  became apparent that 
finding individual .items or given categories o f items would be 
impossibly laborious. Short o f examining every card visually, there 
was no means o f iso la ting  the work which had been done on a given 
instrument or group o f instruments. Nor could i t  be found out, for 
example, what work had been done in certain years or countries.
To make the best use o f the store, some mechanical system would be 
essential.
2.2 Possible Storage Systems
One alternative was computer storage on magnetic tape or floppy 
discs, while the other was a punched-card system, either hand or 
mechanical. At the time, micro-computers were not available and the 
scale of the problem did not seem to jus t ify  the use o f large scale 
computing f a c i l i t i e s .  I t  was therefore decided to use punched cards. 
Such an unsophisticated system had advantages for a small-scale part- 
time enquiry of this type. The whole index, including associated 
machinery, is  r e la t iv e ly  easily portable. Information can be added 
to or retrieved from i t  without the need for any special f a c i l i t i e s .
I t  also provides a permanent record which is not susceptible to 
instrumental, e le c tr ic a l  or human fa ilu re . Mechanical punched-card 
systems had the disadvantages o f both the computer and the hand-punched 
card systems without the advantages of either, so they were not rea lly  
seriously considered.

However, now that microcomputers have become available, i t  
is  thought that i f  the project is  continued i t  would eventually 
become worthwhile to transfer the data to some form o f computer 
storage system such as floppy discs. This would have advantages 
in the speed and ease with which information could be extracted 
from the f i l e ,  and the easing o f restrictions on the number of 
subject headings which could usefully be employed. Even so i t  
might be as well to keep the cards as a simple, unsophisticated, 
readily accessible store o f information, not subject to breakdown 
or to accidental .erasure.
2 . 3  Principles o f Punched-Card Storage
The basis o f a punched-card storage system is  the card, which 
is  provided with a series o f accurately perforated holes around i ts  
edges. Cards vary in size and design, and there may be more than 
one row o f holes. Examples o f punched cards are shown in Figures
2.1 and 2.2. With a handclipper such as that shown, a notch can 
be cut which opens a clear space between the hole and the edge of 
the card. When sorting, a needle is inserted through a particular 
hole in a set o f cards. I f  the weight o f the cards is  allowed to f a l l  
on the needle and the cards are free to move, those cards which have 
had that hole clipped w i l l  f a l l ,  and those which have not w i l l  not.
Thus the cards can be divided into those which have and have not 
had that hole clipped. This division can be made to correspond with 
a division o f the data, which must therefore evidently be a 
dichotomous one. The problems in designing a punched-card storage 
system are to se lect the appropriate yes-or-no categories into which 
the data can be divided, and to devise ways in which this information 
can be recorded on the cards. (Scheele 1961).
2.4 Types o f Coding
The process o f making data correspond with clipped holes is  
known as coding, and there are basically four types o f code (Wise 1958). 
These are known as direct, selector, sequence and superimposed codes. 
Which type o f code is  to be preferred depends on the nature o f the 
data to be stored; each has its advantages and i ts  disadvantages.
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2.4.1 Direct Coding
In this system, a single hole corresponds to a single idea 
or concept, so that the number of ideas which can be handled is 
limited to the number o f holes available. For example, one 
particular hole might in the case of the present study have 
referred to authors with surnames beginning with the le t te rs  BL, 
to work published in the year 1965, or to papers dealing with the 
physics o f  trombones. The system is  obviously wasteful o f holes, 
which are in short supply. I t  has the advantage that 'extra cards' 
or ' fa ls e  drops' cannot occur mechanically, though they must 
result from a bad choice o f concepts. I f  the cr iter ion  for 
clipping a hole is i l l  defined, i t  may be almost impossible in a 
particular case to decide whether or not a card should be clipped, 
so that mistakes can arise. The terms 'extra cards' or ' fa ls e  
drops' re fer  to cards which may be isolated as a result o f a sorting 
procedure, but which do not actually f a l l  into the desired category.
2.4.2 Selector Coding
I f  significance is attached to a combination o f holes rather 
than to a single one, the system is known as a selector code. A 
group o f holes, known as a ' f i e l d '  is  allocated to the coding o f a 
particular piece o f information. Only one concept can be recorded 
in each f ie ld .  The method is  principally useful fo r  coding a 
single member o f a group o f mutually-exclusive concepts such as 
year o f publication, country o f orig in , language, or the in i t ia l  
le t t e r (s )  o f an author's name in the present instance.
2.4.3 Sequence Coding
Sometimes i t  is  desired to arrange information in some
particular order as, fo r  example, alphabetical, date or numerical.
In such cases a sequence code may be used. This can be regarded
as the allocation o f a number o f holes (a f ie ld )  within which the
seria l number o f the card in the desired order w i l l  be shown on
the binary system, a clipped hole representing the d ig it  1 and an
unclipped one the d ig it  0. The means that i f  ri holes are used, 2n
combinations are available, namely 64 in the case o f n = 6, as against
£
a maximum of 20 combinations ( C3) fo r  a selector code using three 
holes at a time. However, the operation o f  putting the material in 
order can be laborious. The number of needling operations required 
is  n.
This type o f code involves the use o f a given f i e ld  to record 
several concepts at once, using combinations o f holes selected at 
random. I t  has the advantage that cards can be coded fo r  two or 
more concepts which are not mutually exclusive, and i t  is  much more 
economic in the use o f holes. On the other hand, the random nature 
o f the selection of codes implies a certain probability o f fa lse 
drops (see above). By suitable attention to the mathematics o f  the 
operation, the storage potential o f the system can be maximised and 
the probability o f fa lse  drops minimised. A small proportion o f 
fa lse  drops is normally considered acceptable, provided that the 
system ensures that a l l  true data are extracted. The s ta t is t ic s  
o f superimposed coding systems is  further considered in Appendix A, 
and a useful reference is  Casey (1958).
2.5 Description o f System Developed
Three firms were contacted which produce and market cards and 
equipment fo r  punched card systems. Their names and addresses appear 
in Appendix B. A fter consideration o f the wide variety available,
the Paramount card type P.2, made by the Copeland Chatterson Co.Ltd., 
was selected. This is  a card measuring 8 inches by 5 inches (203 x 126mm), 
with a single row o f holes o f diameter 3 mm approx., having their centres 
about 6 mm apart. There are 32 numbered holes on each o f the longer 
sides and 19 on each o f the shorter ones, making 102 numbered holes in 
a l l .  In addition there are holes in three o f the corners, but these 
would be useless for  sorting. The fourth corner o f the card is  cut 
o f f  diagonally, to fa c i l i t a t e  the arrangement o f the cards so that they 
a l l  face the same way.
The coding system, as i t  has been developed so far, is  a com­
bination of selector codes, d irect codes and superimposed codes, as 
fo l low s :-
Holes 1 to 5 inclusive are used to code the type o f publication 
(paper, abstract, book e t c . ) ,  using a pyramid form o f selector code, 
as shown in Figure 2. 3. Insertion o f two needles enables any one
of 10 types o f publication to be selected. The detailed code can be 
found in Appendix C.
2.4.A Superimposed Coding
14.
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FIGURE 2 .3  
Single Pyramid Selector Code
The figure shows a card coded and clipped for publication type 4. 
Holes 6 to 15 inclusive are used to indicate the surname of the sole, 
or f i r s t  named, author. A double pyramid system is used, as in the 
diagram, holes 6 - 1 0  giving the tens and holes 11 - 15 the d ig its .
FIGURE 2.4 
Double Pyramid Selector Code
The figure shows a card with holes 9, 10, 12 and 14 clipped, giving i t  
code No. 04, the f i f t h  out o f a possible 100 author codes. The 
insertion o f four needles enables any one of these codes to be selected. 
They divide the alphabetical l i s t  o f authors into sets containing 
approximately equal numbers o f publications. The detailed author 
c lass if ica tion , which can be found in Appendix C.2, w i l l  be seen to be 
far from simple and straightforward. I t  was necessary to use as many as 
f iv e  le tte rs  of the authors1 surnames at times. This was because the aim 
was to ensure as far as possible that each of the 100 author categories 
contained about the same number o f cards.
Hole 16 is  a direct code. I f  this hole is  clipped, the publication 
has more than one author. This enables papers by "Bloggs et a l . "  
to be separated from those by Bloggs on his own. In the case of 
p r o l i f ic  authors with many collaborators, this could prove to be 
very helpful. I t  w i l l  be realised that the chosen method makes i t  
impossible to trace contributions made by an individual as the second 
or la ter  named author. This is  a limitation which could be overcome 
using computer storage.
Holes 17 to 26 inclusive are used for  a two-digit selector code to 
indicate d irectly  the last two d ig its  of the year of publication.
Once again a double pyramid pattern is  used, so that insertion of 
two needles enables data from a decade to be selected, while the use 
o f four needles iso lates a single year.
Hole 27 is once again a direct code. I f  i t  is  clipped, the date of 
publication was before 1900. Thus papers published in, for example, 
1964 can be distinguished from those dated 1864, 1764 and so on. The 
ea r l ie r  papers are a l l  lumped together irrespective o f century, but 
there are so few o f them that this has not so far caused a problem. 
Holes 28 to 32 inclusive indicate, by a single pyramid code, the 
language of the publication. Use of two needles enables publications 
in any one o f  ten languages or groups o f languages to be isolated.
Holes 52 to 83 inclusive - 32 holes along the lower edge o f the cards -
have been used as a single f i e ld  in which to code subject concepts
associated with the type o f instrument or apparatus involved in the 
work described. This is  a superimposed coding system. One, two, or 
occasionally three, concepts or key words are recorded on each card.
This subject c lass if ica t ion  was built up by compiling a l i s t  o f 
key words or concepts. Each o f these was then given a pair o f numbers 
between 52 and 83, selected using random number tables or a random 
number generator. The use o f random numbers was in order to minimise 
the probability o f fa lse  drops. {See Appendix A on the s ta t is t ics  o f 
superimposed coding systems). The association of this word or concept 
with this pair o f  numbers was recorded on two cards, one o f which was
f i l e d  in alphabetical and the other in numerical order. This sytem has
the advantage that categories need not be mutually exclusive. For 
example, the category 'woodwind instrument' includes the category 
'c la r in e t ' ,  so that a paper on clarinet physics would be clipped also 
for woodwind, though the reverse would not be the case. So far, the 
problem of fa lse  drops has not been found to be a serious one.
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The holes down the right hand side o f the card, from 33 to 36 
or so are being used to give each entry a unique ser ia l number 
which w i l l  f a c i l i t a t e  sorting and reference. These numbers consist 
o f six d ig its ; the f i r s t  two are the author code. The third and 
fourth d ig its  give the year o f publication, with the addition o f X 
fo r  pre-1900 publications. The last two d ig its  form a seria l number 
within the author and year group. This number is  put into binary 
form and holes 33 onwards clipped accordingly, using a sequence code 
(see para. 2 .A.3). Hole 33 indicates 1, hole 3A : 2, hole 35 : A 
and so on. Thus for  ser ia l number 7, or 111 in binary, holes 33, 3A 
and 35 are clipped.
By this means, each entry in the system can be identified  
without using a large number of additional holes. The method f i t s  
in with the accepted way of re ferring to publications by author and 
year, the addition o f the seria l number within the author/year group 
being a simple and log ica l extension. A given author/year group may 
contain publications by more than one author, o f course, but the 
groups are so small that this is  most unlikely to cause any problems. 
I t  has been found convenient to use holes AO to A3 to indicate the 
c lass if ica tion  R,S, T and A defined in para. 1.9. This information 
was added at a la te  stage, so. i t  does not appear in Fig. 2.6.
Holes AA to 51, and 8A to 102 inclusive have not been used yet.
I t  was envisaged at one time that they might be useful fo r  recording 
the journal in which a paper appeared, or the publisher in the case 
o f  a book. There is  also scope fo r  some extension o f the subject 
c lass if ica tion  system.
A l i s t  o f the publications referred to in each entry might have 
been recorded manually on the cards, but was not. As many as 50 
citations may be made at the end o f a paper, and this amount o f 
information is  well beyond the limitations of any hand punched-card 
storage system. I f  the f i l e  is  transferred to computer storage, 
this could be a valuable addition.

The complete coding system is  illustrated in Figure 2.5, and a 
specimen clipped card in Figure 2.6. A l i s t  o f a l l  the codes to 
date w i l l  be found in Appendix C. ’ Foskett(1967) is  a useful guide to 
coding systems.
The punched-card f i l in g  system is  central to the present work, 
and i ts  planning and compilation have been a major part o f the task.
The f i l e  forms an integral part o f  this submission, and w i l l  be made 
available fo r  inspection in the Department of Physics, University of 
Surrey. I t  is  as accurate as i t  has been humanly possible to make i t .
2.6 Future o f the System
As has been mentioned above, the system as i t  exists at the 
moment has some scope fo r  expansion. The existing cards could be 
used to accommodate more subject codes. One lim itation of punched 
cards is  already being approached, however, in that there are now 
about 2600 cards in the index, and i t  is  not possible to sort more 
than about 300 at one time. Thus eight operations at least are needed 
to complete one sorting.
A mechanical sorter, manufactured by Kalamazoo Ltd., Birmingham 31, 
has been obtained. I t  consists o f a metal frame which can be vibrated 
by an e lec tr ic  motor. Needles are put through the desired holes in 
a set o f cards, and then the needles are rested on the frame with the 
weight o f the cards resting on the needles. The motor is then switched 
on for f iv e  to ten seconds, when the vibration makes the selected cards
drop into the box o f the sorter, while the remainder can be l i f t e d
out s t i l l  hanging from the needles. This speeds up the sorting 
operation somewhat, and renders i t  more re liab le . The number of cards 
which can be handled at one time, however, is s t i l l  limited by the 
size o f the machine,the mass o f the cards (nearly 5g each, so that 
300 cards weigh about 1.5 kilogramme), the length and the strength 
o f the needles. The sorter is  shown in Fig. 2.7.
As indicated in 2.2 above, the future o f the system might l i e  
in computer storage, but the labour involved in such a transfer would 
have to be taken into account.
I f  i t  were made, however, several advantages would accrue.
Some of these have already been b r ie f ly  indicated above in 
appropriate places. For example, i f  a l i s t  of citations were 
available fo r  each entry, i t  would be possible to compile 
s ta t is t ics  showing how many times a given publication had been 
referred to by other workers. This would enable some sort of 
objective assessment o f the influence o f the publication, and 
hence of i ts  author, to be made. Conversely, the extent to 
which a writer was aware o f other work in the f ie ld  could be estimated 
Such an approach might be valuable provided its  possible p i t fa l ls  
were recognised. There may be many reasons why an author refers, or 
does not re fer, to another author's work.
Another advantage o f electronic storage would be that i t  
would become possible to include jo in t  authors. This would, as 
has already been noted, have been impracticable on punched cards 
because o f the shortage of holes, and impossibly time-consuming 
using hand sorting. I t  would then become possible to obtain a much 
more broadly-based and objective view of a worker’ s contribution.
2.7 Summary
Different ways were studied o f storing and retr iev ing  in for­
mation on a scale appropriate to this investigation. A manual 
punched-card system was selected and suitable methods o f coding 
devised. The orig inal card index f i l e  is  being maintained alongside 
the new system. Transfer to computer storage is  possible i f  the 
project is  continued.
3 : PHYSICS OF VIBRATING SYSTEMS
3.1 Introduction
So far, the aspects discussed have been mainly those o f 
the acquisition, storage and re tr ieva l of information. That 
information, however, was concerned with research into the 
physics of musical instruments, so that the enquiry naturally 
had a physical side to i t  as well. Not only was an understanding 
of the modes o f operation o f instruments necessary in order to 
c lass ify  the information; i t  was possible to use i t  in the 
c r i t ic a l  analysis of other published work, to discuss advantages 
and disadvantages o f certain approaches and techniques, and 
f in a l ly  to indicate possible lines of future advance.
In this chapter the basic principles o f the physics of 
musical instruments, as generally understood by most workers in the 
f ie ld ,  w i l l  be set out. The aim of this is to provide a background 
against which more recent and advanced research can be discussed 
without the need to go back to f i r s t  principles every time. Thus 
the chapter does not claim to be very advanced, or ig inal or 
rigorously academic. Reference has been made throughout to certain 
standard texts on acoustics in general and musical instruments in 
particular. Since the object o f the chapter is  so limited, i t  has 
not been thought appropriate to break up the flow o f the argument 
by including documentary ju s t i f ica t ion  o f every statement. Most o f 
these can be found in one form or another in more than one of the 
cited texts. However, where i t  was f e l t  that a certain publication 
was o f particular relevance, a reference has been included. Full 
references to a l l  publications referred to can be found in the 
Bibliography.
3.2 Musical Instruments as Transducers
A ll conventional musical instruments are transducers or energy 
converters; they transform mechanical energy in one form or another 
into sound waves in the surrounding a ir. Furthermore, the input o f 
mechanical energy is  in a continuous form, which might be called d.c. 
in an e lec tr ica l analogy, while the acoustic output is osc illa tory  
or a.c. in nature.
In the case o f wind instruments the energy input is  in the 
form of a stream o f a ir  supplied either d irectly  by the player's 
lungs (orchestral brass and woodwind instruments), from the 
player's lungs via a bag or reservoir (Scottish bagpipes), from 
a hand-operated bellows (Northumbrian and uillean pipes) or from 
a mechanical blower (organ). I t  is  interesting to note in 
passing that l i t t l e  s c ien t i f ic  research has so far been done on 
wind-actuated instruments employing free metal reeds.
The energy input to bowed stringed instruments such as the 
v io l in  family comes from the continuous drawing of a resined 
horsehair bow across a stretched string. In the French v ie l l e  a 
roue, which is similar to the medieval hurdy-gurdy, the 'bowing' 
is  even more continuous, being done by a resined wooden wheel 
against which the strings are pressed.
E lec tr ica lly , and in energy terms, wind and bowed stringed 
instruments might be considered as analogous to a d.c. powered 
osc il la to r  containing a tuned c ircu it.
Finally, in stringed instruments which are struck or plucked, 
such as the guitar, harp and pianoforte, the energy is  supplied in 
the form o f an impulse over a comparatively short space o f time, 
a fter  which the system is  l e f t  to o sc il la te  on its  own with 
diminishing amplitude until the next note is  played. I t  is  as i f  
an e lec tr ica l o sc i l la to r  were to be powered by a pulse of energy 
such as might be provided by the discharge o f a capacitor.
3.3 Common Features o f Conventional Instruments
Most types o f conventional musical instrument have several 
features in common. F irs t ly ,  there is a vibration generator o f some 
sort; a jet-edge system, a reed, the l ips  of the player, or resined 
bow hairs interacting fr ic t io n a l ly  with a string. Secondly, this 
vibration generator is  coupled in some way to an osc il la t in g  system 
such as a column o f a ir  or a string. This w i l l  have a fundamental 
resonant frequency which is usually capable o f being varied in some 
way so that the instrument can produce the notes o f the musical 
scale. There w i l l  probably in addition be several other resonant
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frequencies which are integral multiples of the fundamental frequency. 
Thirdly and f in a l ly ,  this osc il la t in g  system is coupled in some way 
to the outside a ir , so that the instrument emits sound waves which 
can be heard by a l is tener. The coupling mechanism has i t s  own 
frequency characteristics which a ffec t  the resulting sound - for 
example the plate and a ir resonances o f v io lin  family instruments.
Since the aim o f the present study is  to analyse and c lass ify  rather 
than to synthesise, differences within this general structure must be 
sought.
3 .A Physical Basis o f C lassification
The basis o f the c lass if ica tion  system eventually adopted has 
been discussed in 2.5, but i t  is  perhaps appropriate to point out 
here that since the study covers aspects of music and librarianship 
as well as physics, the system cannot be purely physical. Absolutely 
log ica l systems ex ist, fo r  example that of Hornbostel and Sachs (191 A), 
but fo r  the present purpose they would have the practical disadvantage 
that the categories would be vastly disproportionate in size.
The c lass if ica tion  into the broad categories o f aerophones, 
chordophones, membranophones and idiophones wasra.Vio considered, based 
on the nature o f the resonating system. However, this also would 
have resulted in groups of d ifferen t sizes. Furthermore, large areas 
o f  this c lass if ica tion  were eventually excluded from the survey. So 
this idea also was rejected.
Actual work which has been done has tended to fo llow the divisions 
o f conventional musical instruments, so that i t  has been considered 
practical, i f  not en tire ly  log ica l physically, to consider them as 
fo llow s.
The f i r s t  category concerns instruments in which the resonant 
system is  a pipe or tube and the vibration generator a jet-edge system, 
such as the f lu te ,  recorder and flue organ pipe.
In the second group w i l l  be considered reeds and reed-pipes, 
where the resonator is  once more a pipe, but the generator is  a 
reed, that is  to say a thin vibrating strip  o f some e lastic  solid 
material.
A third important subject o f research has been the brass or 
lip-reed instruments. The mechanism of action o f these is  super- 
, f i c i a l l y  similar to the second category above, but the volume of 
work and the differences between human lips  and inanimate reeds 
are considered to ju s t i fy  separate consideration.
Stringed instruments have been divided into two groups; 
those which are bowed (v io l in )  or plucked (guitar) and those which 
are played from a keyboard. The essential characteristic o f the 
fourth category o f  instruments is the coupling o f the strings to 
the surrounding a ir  via the body of the instrument, which normally 
consists o f a structure with thin wooden front and back plates 
enclosing a volume o f a ir. Important s c ien t i f ic  work has been done 
on the resonances involved, as well as on the excitation o f strings 
by bowing.
The keyboard stringed instruments, whether struck or plucked, 
are considered worthy o f treatment in a separate f i f t h  group because 
o f the d ifferen t problems which they pose both to the designer and 
the player. The composer also faces problems of tuning and temperament 
with keyboard instruments but, as explained in Chapter 1, these are 
not within the present scope.
References to the litera ture  o f research in these f iv e  areas 
w i l l  be found under the appropriate headings in Chapter 4. The 
purpose of the present chapter is  to summarise the physical principles 
involved in both the o sc il la t in g  systems and the vibration generators.
3.5 Wind Instruments
I t  w i l l  be convenient to consider wind and stringed instruments 
separately, and in each case to discuss f i r s t l y  the osc il la t in g  system 
and secondly the vibration generator which supplies energy to i t .
Probably the simplest osc il la t ing  system which uses a ir to
provide both inertia  and e la s t ic i ty  is  the cavity resonator,
usually associated with the name o f Helmholtz, afrd' discussed in
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some deta il by Bouasse in his book 'Tuyaux et Resonateurs' (1929).
The main features o f such resonators are summarised here for 
convenience.
An enclosure whose shape is  immaterial, but which is assumed not 
to have any dimension s ign ifican tly  greater or less than any other, 
communicates with the atmosphere via a short narrow pipe. The 
dimensions o f the enclosure are also assumed to be small compared 
with the wavelength o f sound in a ir  at any relevant frequency. A 
simple treatment involves considering the cylindrical volume o f a ir 
in the neck o f the vessel as providing the mass and the entire volume 
o f a ir  in the resonator as providing the restoring force by virtue 
o f i t s  adiabatic e la s t ic i ty .  This yields results more or less in 
accordance with experiment, but the fact that resonance can be 
obtained using a hole in a vessel with extremely thin walls indicates 
that allowance must be made for the mass of a ir outside the actual 
entrance pipe. This ’ end correction ', or addition to be made to the 
length o f the pipe to take account o f the mass o f a ir  outside i t ,  can 
be theoretica lly  shown to be 8a/3n for an o r i f ic e  with an in f in ite  
flange, where _a is  the radius o f the pipe.
Thus the length o f the pipe must be increased by 16a/3^ to calculate 
the inert ia  o f the moving mass o f a ir , and even a hole o f neglig ib le  
physical length w i l l  behave as i f  i t  had a length o f 16a/3  ^ = 1 .7 a 
approximately. I f  the termination is  unflanged, the theoretical 
correction is  0.6 a (Kinsler et al 1980). Determination o f the 
fundamental frequencies o f Helmholtz resonators experimentally gives 
values fo r  the end correction varying from 0.74 a to 0.78 a 
(Kinsler & Fre^ 1962)
3.5.1 Cavity Resonators
Resonant frequencies higher than the fundamental are observed 
in Helmholtz resonators, but these are due to re flec t ion  o f sound 
from the walls o f the cavity rather than osc illa tion  o f the a ir in 
the volume as a whole. Unlike the fundamental frequency, therefore, 
these overtones depend on the shape o f the enclosure. They are in 
general not harmonic ( i . e .  not integral multiples o f the fundamental 
frequency), and the lowest overtone has several times the frequency 
o f the fundamental. There is  thus l i t t l e  d i f f icu lty  in distinguishing 
the responses at the two frequencies, which made Helmholtz resonators 
very useful fo r  frequency analysis before the development o f e lec tr ica l 
methods. The principle o f the cavity resonator has been used electro- 
magnetically in the magnetron and klystron valves.
The Helmholtz resonator in i t s  ideal form is perfectly three- 
dimensional ( i . e . ,  spherical) in shape. Resonators as such find 
applications only in such applications as police and re ferees ’ whistles, 
and in such curiosit ies  as the Peruvian whistling bottle  (Garrett and 
Stat 1977). They are also used to improve the coupling o f the 
vibrating solid to the a ir  in percussion instruments l ik e  xylophones.
In the ultrasonic f ie ld ,  the Hartmann generator consists essentially 
o f a Helmholtz resonator coupled to a tone generating o r i f ic e .
Practical musical instruments normally approach more closely 
to the unidimensional form of a narrow tube or pipe.
3.5.2 Resonance in Pipes
A simple treatment o f the behaviour o f sound waves in a tube 
either closed at one end or open at both ends is  to be found in any 
school textbook (e .g . Dibdin 1968). I t  usually takes the form of 
a discussion o f the.standing waves produced by the interaction between 
a progressive wave trave ll ing  along the tube and the reflected wave from 
either an open or closed end. This results in a pattern o f nodes and 
antinodes in the tube, a displacement node or pressure antinode always 
being situated at a closed end and a displacement antinode or pressure 
node at or near to an open one.
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This means that a tube o f a given length has a series of 
resonant frequencies, and that a series o f tubes o f d ifferent 
lengths can be found which w i l l  resonate to any given frequency.
For an open tube o f length L the resonant frequencies form a 
series nc/2L where _c is  the ve loc ity  o f sound in the tube. I f  
the tube is closed at one end, the series becomes nc/4L, where 
n is  any odd integer. Thus the simple treatment would imply that 
the overtones, or higher resonant frequencies of the system, should 
be harmonic, that is  integral multiples of the fundamental or 
lowest resonant frequency.
In fact i t  turns out in practice that an end correction must 
be applied at an open end similar to that discussed above in the 
case o f Helmholtz resonator, and fo r  similar reasons. This 
correction once again proves to have a value between 0.6 and 0.85 
times the radius o f the tube. This assumes a circular cross-section, 
though of course some organ pipes, and indeed a modern design for a 
sub-contrabass recorder, have square bores. Furthermore, i t  seems 
that the end correction is  frequency-dependent, which means that 
the overtones o f the resonant frequencies do not form an exact harmonic 
series. (Anderson & Ostensen 1928).
3.5.3 Horns
In a parallel-sided pipe or tube the ve loc ity  o f sound is  constant, 
and not very d ifferent from i ts  value in free a ir  at the same 
temperature. In a f la r in g  horn, on the other hand, the ve loc ity  varies 
not only with the area o f the tube (and therefore the distance along 
the axis) but also with the frequency. The point at which a progressive 
wave is  reflected back from the b e ll  towards the mouthpiece, giving 
the poss ib ility  o f a standing-wave system, also varies. The horn 
behaves like  a short pipe at low frequencies and l ik e  a long one at 
high frequencies.
This means that more modes o f vibration are possible than in a 
simple cylindrical or conical tube as used in the woodwind instruments. 
Also, as in the case o f a horn loudspeaker or a microwave horn aeria l,
the horn serves to couple the source o f energy more e f f ic ie n t ly  to 
the surrounding medium thus fa c i l i ta t in g  energy transfer. The 
difference between a loudspeaker horn and a musical instrument 
is  that the former is  designed to have a much lower cu t-o ff 
frequency. This is  the frequency above which any progressive sound 
waves passing down the horn continue straight out into the 
surrounding a ir without re f lec t ion . I t  is  typ ica lly  about 1500 Hz 
for a musical horn, as against around 100 Hz for a loudspeaker.
3.5.4 Vibration Generation by Jets and Edges
As mentioned above, osc illa tions are excited and maintained in 
a resonator by a vibration generator o f some sort. One such is a 
system consisting of a j e t  o f a ir  directed towards an edge some 
distance away. There is  a considerable literature  on the generation 
o f tones by individual components o f such a system. Jets on their 
own, edge or other obstacles alone, holes and rings have been studied 
in iso lation. Their applications have mostly turned out to be in 
f ie ld s  other than musical acoustics; a ircra ft  design, aerodynamics, 
noise generation and ultrasonics fo r  example.
In musical instruments, tone generation by this means practica lly  
always takes the form o f a j e t  impinging upon an edge as a vibration 
generator, coupled to a pipe as a resonator. When a j e t  of a ir 
emerging from a narrow o r i f ic e  travels some distance in free a ir  before 
strik ing an edge, an osc il la to ry  system is  set up which is  capable o f 
supplying energy to, and receiving energy from, the resonator. The 
optimum frequencies fo r  this transfer depend on various parameters o f 
the jet-edge system, notably the ve loc ity  o f the a ir  stream and the 
distance from je t  to edge. The resonant frequencies o f the pipe, 
whether determined sole ly  by i t s  dimensions as in an organ pipe or by 
the opening o f side holes as in a wind instrument, are obviously 
important as well. Taken in conjunction, these parameters determine 
which of the natural resonant frequencies w i l l  be reinforced and which 
suppressed.
3.5.5 Reeds
A reed is  a vibrating strip  of some f le x ib le  e lastic  solid 
which, in conjunction with a mouthpiece of appropriate form, can 
act as a tone generator. In organ pipes the reed is  o f metal, in 
orchestral wind instruments of cane, and in the brass instruments 
i t  is  formed by the player’ s l ips . The s tif fness o f the reed can 
be varied within lim its by the player of a wind instrument or the 
voicer of an organ pipe. Up to a point, the operation of a reed 
can be thought o f as analogous to that o f a jet-edge system.
Each is a form o f valve which allows a ir from outside to enter 
the resonator at intervals. The difference is that whereas the 
jet-edge system acts as a valve which is controlled by the flow 
o f a ir, the reed is  controlled by the pressure of the a ir . This 
means that at resonance there is  a pressure antinode (ve loc ity  node) 
at or close to the end o f the pipe which is closed by the reed. By 
contrast, in a f lu te , recorder, or flue organ pipe, which use the 
jet-edge system considered above, the mouthpiece end is  at or close 
to a ve loc ity  antinode (pressure node) o f the standing wave system 
in the pipe.
3.5.6 Wind Instruments as a Whole
Thus, in a wind instrument, stationary waves are set up by the 
interaction of the vibration generator, whether i t  be jet/edge or 
reed, with the characteristic frequencies of the resonator which may 
be a cylindrical or conical pipe, or a horn. The maintenance o f 
these oscilla tions depends on the phase with which reflected waves 
from the far end o f the instrument arrive back at the blown end or 
mouthpiece. The fundamental frequency o f the osc il la t ions  can be 
varied in a number o f ways. The characteristic frequency o f a 
pipe can be changed by a ltering i t s  length or by opening one or 
more side holes. D ifferent characteristic frequencies o f a pipe or 
horn can be excited by a ltering the parameters o f the driving system. 
The sound heard by a l istener is  not necessarily the same as the 
internal stationary wave in the instrument. I t  w i l l  depend on the 
mechanism by which energy is transferred to the outside a ir .
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Apart from the wind instruments which have been considered in 
the previous paragraph, the other important category of musical 
instrument is  that which uses a stretched string as a resonator.
Such instruments can take many forms depending on the way in which 
the strings are set in motion and the manner of transferring their 
energy to the surrounding a ir . .Since the interaction between a thin 
string and the a ir adjacent to i t  is  bound to be minimal, the transfer 
o f any appreciable amount o f energy must also involve some other 
auxiliary vibrating system with i t s  own characteristic frequencies and 
damping coe ff ic ien ts .
In the following paragraph the physics of strings and the auxiliary 
resonators w i l l  be considered f i r s t ,  followed by the ways o f supplying 
energy to them, and f in a l ly  a synthesis of the action o f  complete 
stringed instruments w i l l  be attempted.
3.6.1 String
The stretched string, l ik e  the resonance tube, is  a- familiar 
feature o f the Sound section o f school physics courses. For this 
purpose, an idealised string is  postulated. I t  is  supposed to be 
uniform, thin, perfectly  e las t ic  longitudinally but perfectly f le x ib le  
( i . e .  without any la te ra l s t i f fn e ss ) .  The supports are imagined to be 
absolutely r ig id . Damping e ffec ts  due either to fr ic t ion  within the 
string i t s e l f  or to interaction with the surrounding air are neglected.
I t  can be shown (e .g . Dibdin 1968) that, i f  the tension in such a 
string is  T, i t s  area o f cross-section A and the density o f i ts  material 
D, the ve loc ity  o f transverse waves along i t  is given by
3.6. Stringed Instruments
where m is the mass per unit length or linear density. This ve loc ity  
does not depend on the wavelength, frequency, or waveform of the waves.
I f  a point on this string is  vibrated with simple harmonic motion 
o f frequency f ,  sinusoidal waves travel along the string with the above 
ve loc ity  in both directions from that point. The wavelength X  o f  such 
waves is  given by
A possible equation describing such a travelling wave is
y = a sin 2?r ( f t  + X/  ^ + 0 )
where y is the transverse displacement from the mean position, 
x is the distance along the string from the origin,
t is the time measured from some arbitrary instant,
a is the amplitude o f the wave vibration,
0 is a (constant) phase angle describing the phase o f the 
vibration at t = 0 and x = 0. I f  y = 0 at t  = x = 0, 
then 0 = 0 .  This w i l l  be arb itrarily  supposed to be 
the case.
A negative sign for the x/^ term implies a wave trave lling in the 
positive direction o f x, and vice versa.
When one o f these trave ll ing  waves meets one of the end supports
o f the string, i t  is  re flected  with a change o f phase in such a way as
to make the combined amplitude o f the incident and reflected waves zero
at the point o f re f lec t ion , which o f course being r ig id  cannot move.
Assuming no energy loss on re flec t ion , the wave
y = a sin 2tt ( f t  - X/ > )
is  reflected as
y = a sin 2tt ( f  t + x/  ^ )
so that the transverse displacement at any x and t is  given by
y = a [sin 2n ( f t  - x/ A ) + sin 2-rdft + X/;\) ]
= 2a sin 2rcft cos 2tt X/x
which represents a stationary wave system the amplitude o f which is
O  ,  y  y
zero at a l l  times at a l l  points having values of x such that cos —■—— =
A
that is  to say such that
2TX  _ 3tt
^ - 2 ’ 2 sue.
or in other words at points whose x values d i f fe r  by tt/ 2.
These are the nodes o f this standing wave system.
The other trave ll ing  wave, when reflected from the opposite end 
support, w i l l  set up a similar standing wave system. In general the
nodes for  the two systems w i l l  not coincide, so that standing waves
involving the string as a whole are not possible. They can be set up 
only i f  the length o f the string between the supports is  a whole number
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of half-wavelengths o f the transverse wave at the driving frequency. 
When this happens, there can be a node at each end o f the string, 
which is  then able to take energy from the driving agency.
For a string o f length L, this occurs as a series o f frequencies 
given by
r jlA HY
2 = 2f
This is Mersenne's Law (M.Mersenne 1588 - 1648), and i t  implies that 
a string is  theoretica lly  capable of vibrating at an-in fin ite  series 
o f frequencies, a l l  integral multiples of the lowest (fundamental) 
frequency. The upper resonant or characteristic frequencies are called 
overtones, and i f ,  as in the case o f the ideal string, they are multiples 
o f the fundamental, they are also termed harmonics.
In practice i t  is  found that the energy content o f the higher modes 
o f vibration fa l l s  o f f  rapidly; the bulk o f the energy o f a vibrating 
string is  contained in the lower, simpler modes. The method of excitation 
also determines to some extent which modes are strongest.
There are thus three parameters o f a string which can be varied to 
give a desired fundamental frequency - its  length, i t s  linear density, 
and i t s  tension. A l l  three are used in practice, because in each case 
the variation can be only within lim its . In a pianoforte the longest 
string is  only about ten times the length of the shortest, though to 
cover a seven-octave range i t  would need to be 128 times longer i f  the 
tension and linear density were the same. Similarly there are practical 
lim itations on the tension (not too high or the string would break; not 
too low or i t  would not vibrate) and the linear density (too l igh t a 
string would be too weak; too heavy a one would need too high a tension).
Strings in real musical instruments are not ideal. Their end 
supports are not r ig id  - indeed they cannot be, because they must move 
a l i t t l e  in order to transfer energy from the string to the associated 
resonator(s) and thence to the ambient a ir. Neither are they perfectly 
f le x ib le .  This s tif fn ess  results in a s light inharmonicity o f the overtones,
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and the elimination altogether o f  the highest overtone's (above about the 
40th or 50th - Benade 1976). The e f fe c t  of y ield ing supports is  that 
the supports are not quite at nodes, so that the ‘in’ternodal distance 
for the fundamental is  not exactly equal to the physical length of 
the string between supports. There is an end correction, as in the 
case o f a resonant pipe, and this also leads to inharmonicity o f 
overtones.
I t  is  possible fo r  a real string to vibrate in ways other than 
the transverse osc il la t ion  described above. I f  suitably excited, i t  
can transmit longitudinal (sound) waves, which may set up a stationary 
wave system. The ve loc ity  o f such waves is given by
c = u
where E is Young's modulis and D the density o f the material. This is  
many times the ve loc ity  o f the transverse waves considered above;-
v
T/A is the t ensile stress, so the maximum velocity  vmax is given by 
vmax =
Swhere u is  the ultimate or breaking stress. I t  follows that the 
ratio  of longitudinal to transverse ve loc it ies  is  at least
c
v w _max . v u/ iV
- 2.For example, stee l has Young's modulus 200 GN m ^ultimate stress
_ 2. -3
2 GB mi , and density 7.8 Mg m in round figures (Kaye & Laby 1973). 
The speed o f sound waves in a stee l wire is  thus about 10 times greater
than the highest possible speed o f transverse waves. The values are
-1 -1about 500 m s fo r  transverse and 5000 m s for longitudinal waves.
Therefore fo r  a given length of steel wire the resonances for 
longitudinal vibration are over 3g octaves higher than those for 
transverse. This puts them out o f the range o f musical interest, though 
they may account for  some o f the souncfe produced by inexpert v io l in is ts .
I f  the string has a non-negligible diameter so that a cross- 
section o f i t  has a non-zero moment o f inertia , torsional osc illa tions 
may be set up under appropriate excitation conditions. The ve loc ity  
o f propagation of these depends upon the r ig id ity  modulus o f the 
material and the moment o f inertia  o f the cross-section o f the strings.
Some instruments use more than one string for  each note. A 
typical upright pianoforte o f reasonable quality may use single strings 
for AO to E2 (27.5 to 82.4 Hz), pairs o f strings for F2 to F3 (87 to 
175 HZ), and tr ip le  strings for the remainder o f the range, F 3 to A7 
(185 to 3520 Hz). (Personal observations on a Broadwo°d upright piano 
o f the la te  19th or early 20th century). The notation used here to desig­
nate the d ifferent octaves is  that proposed.by Bowsher (1976)', middle C 
is  called C4, and each octave takes- the number o f the C at i ts  lower 
end. Thus the note below C4 is B3. The system has the advantage of 
avoiding subscripts, superscripts, or upper and lower case le t te rs .
Thus multiple stringing is  used over most the range o f the instrument.
I t  can be shown that, i f  the separate strings are tuned to be exactly 
in unison, which is  d i f f i c u l t  to achieve, the sound is  louder than that 
o f a single string but decays more quickly. The preferred practice is  
to detune the strings o f a t r ip le t  by between 2 and 8 cents. (A cent 
is  a frequency ratio  o f 1.0005778, 1/1200 of an octave, or 1/100 o f an 
equally tempered semitone.) When the separate string vibrations are 
no longer exactly in unison, the sound dies away no more quickly than 
that o f a single string.
This detuning causes beats to be produced between the notes 
produced by the separate strings, both the fundamentals and the overtones. 
The frequencies of these beats vary from a fraction o f a hertz to a few 
hertz. They are too slow to be objectionable, and are in fact comparable 
in frequency with the beats which are inevitable with equal temperament 
tuning.
For example, at the standard pitch of A4 = 440 Hz, the frequencies 
of C4 and E4 strings should be 261.6.* «■ Hz and 3 2 9 - 6 - Hz respectively, 
on equal temperament tuning. The f i f t h  harmonic o f the C string is
1308.1 ;t Hz and the fourth harmonic of the E 1318.51 Hz, g iving r ise
to beats at 10.4 Hz. However, i f  the C string was a doublet, one string 
being 4 cents f la t  and the other equally sharp, their f i f t h  harmonics 
would be 1305-1 and 1311.1-” — Hz, giving a 6.0'/; Hz beat rate. The
two sets of beats are comparable in frequency, and tend to obscure each 
other. The e f fe c t  is  possibly comparable, in its  blurring o f the edges 
of harmonics, to the use o f vibrato by singers and instrumentalists. The 
preferred rate o f vibrato is  about 6 to 8 Hz.
3.6.2 Body and Air Resonances
The vibrations o f an idealised string as described in para.3.6.1 
would be inaudible. There can be very l i t t l e  interaction between a thin 
string or wire and the surrounding a ir, and the postulated r ig id ity  o f 
the supports precludes any transmission of energy by that route. In 
musical instruments the vibrating string is  coupled via s ligh t ly  y ield ing 
supports to one or more solid  resonators, which may incorporate an a ir 
cavity.
Such a cavity, with an opening to the outside a ir , constitutes 
a Helmholtz resonator (para. 3 .5 .1 ), which has only one resonant frequency. 
However, by varying the area o f  the opening, the damping and hence the 
sharpness of the resonance peak can be adjusted so as to provide reinforce­
ment and coupling over a suitable range of frequencies.
Some keyboard instruments are provided simply with a soundboard 
made of wood. The ve loc ity  o f sound waves in wood is  d ifferen t fo r  propa­
gation along and across the grain. A thin soundboard may be stiffened 
by transverse bars to make these ve loc it ies  more nearly equal. Such a 
soundboard has many modes o f vibration, and as many resonant frequencies.- 
Harpsichords and spinets have a l igh t ,  hollow sound box.
Instruments o f  the v io l in  and guitar families have two resonant 
plates - the front or be lly , and the back plate. Each has i ts  own resonances, 
which interact with each other, the a ir  resonance and the string vibration 
to produce the sound heard by a l is tener. In the guitar the front and back 
plates are f la t ,  with reinforcing bars. Violin type instruments have 
arched plates, the belly  being reinforced with a bass bar, and the two 
plates being coupled by a sound post. The thickness of a v io l in  plate is  
not uniform over i t s  area.
Instrument makers test the wood resonances o f  their plates during 
construction by suspending them from d ifferent points round the periphery 
and tapping them at suitable places to e l i c i t  the d ifferen t modes of 
vibration, or ' f r e e  plate tap tones'. Obviously building the plates into 
a complete instrument is  bound to a lter  the eigenmodes and hence the 
eigenfrequencies, but nevertheless i t  has been found that knowledge o f 
the free plate frequencies enables certain predictions to be made 
about the properties o f the finished instrument.
3.6.3 Bowed Strings
As explained in 3.1 above, a simple account of the mechanics of 
the bowed string is included here as a basis, for la ter  discussion of 
more advanced current research.
In the families o f instruments typ ified  by the v io l  and the v io l in ,  
the strings are set in motion by drawing a rosined bow across them.
Rosin, which is the solid  residue from the d is t i l la t io n  o f pine turpentine, 
has the e f fe c t  o f increasing the difference between the coeffic ien ts  o f  
s tatic  and s lid ing fr ic t ion  between the bow hairs and the string. There 
is  also some evidence that with rosin the slid ing fr ic t ion  i t s e l f  decreases 
with increase in the re la t ive  ve loc ity  o f the surfaces. The string is  
alternately gripped and released by the bow.
The result o f this 's t ick  and s l ip ' action is  that the point on 
the string lying under the bow vibrates with a sawtooth waveform, which 
varies with the bowing position. The method o f generating osc il la t ion  
has been compared with the squeaking o f chalk on a blackboard, and a 
similar mechanism can be found in the way a wineglass can be made to 
's ing ' by drawing a wet fingert ip  round the rim. A glass rod clamped 
at i ts  midpoint can be set into longitudinal vibration by stroking i t  
with a cloth soaked in alcohol. The function of the alcohol or wine 
in these examples is  no doubt to remove any traces o f grease from the 
glass, thereby creating an e f fe c t  similar to that o f rosining a bow.
The sawtooth waveform arises because when a bow is  drawn sideways 
across a stationary string, the string sticks to the bow in i t ia l l y .  The 
force displacing the bowing point in a direction perpendicular to the 
string is the fr ic t ion a l force between bow and string, which can have any
value up to a lim iting one of ^ gR, where is  the coe ff ic ien t o f 
s ta tic  or lim iting fr ic t ion  between the surfaces and R the normal 
force between them. V io lin is ts  ca ll this la tte r  the 'bowing pressure', 
although i t  is  not a pressure but a force, and most writers on musical 
acoustics seem to have followed suit. The displacing force is opposed 
by the resolved component o f the tension in the string, which increases 
with the displacement. For small displacements the restoring force is  
proportional to the displacement, but this is immaterial because as 
the two forces cancel each other out there is  no net force on the 
string element which therefore moves with uniform ve loc ity .
At some displacement, the restoring force reaches the lim iting 
value o f the fr ic t ion ,  and the string slips. The s lid ing or dynamic 
fr ic t ion  is  less than the s ta tic  value, so there is  now a resultant 
force in the opposite direction to the bow movement. The string moves 
quickly backward and the bow hairs quickly forward until the tension 
in the string slows i t  down to the point where there is  no re la t ive  
motion between string and bow. At this moment the string sticks to 
the bow again, and the whole process is  repeated. The ratio  o f the 
displacement time to the flyback time depends on the position o f the 
bowing point. I f  the string is  bowed at i ts  mid-point, the two times 
are equal.
The work done is  the product of the force and the distance moved 
by the point o f action in the direction of the force, so the work done 
by the bow on the string during the displacement is  greater than that 
done by the string on the bow during flyback. There is  a net transfer 
of energy from bow to string, which sustains the vibration.
I f  the string were in f in ite ,  the frequency o f  excitation would 
depend on the bowing ve loc ity  and force, together with the coe ffic ien ts  
o f fr ic t ion ,  and would be somewhat indeterminate. In practice, the 
discontinuity produced in the string by the bow is  re flected , with 
reversed phase, at the two end supports. When i t  arrives back at the 
bowing point, the impulse i t  brings is  su ffic ien t to tr igger the 
slipping o f the string, which is just about to occur. In fact, the 
discontinuity passes the bow twice, causing the change from sticking 
to slipping, or vice versa, as i t  does so. As the bowing point is 
nearer to one end o f the string than the other, this results in the 
observed sawtooth motion.
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The theory o f the bowed string outlined above was originated by 
Helmholtz and elaborated by Raman in a series of papers from 1909 - 1920.
The mechanical properties o f the bowed string are thus, in a 
sense, analogous to those o f a pipe maintained in osc illa t ion  by a 
reed or a jet-edge system, as discussed in paragraphs 3.5.4 and 3.5.5.
A driving osc i l la to r  o f somewhat indeterminate frequency is  coupled to, 
and has i ts  frequency controlled by, a resonant system with sharply 
defined eigenmodes.
The action o f generating tone by bowing a string is  a complex one. 
The volume and waveform of the sound generated depend on bowing position, 
speed and ’ pressure*. A l l  these factors are interdependent.
F inally, transverse oscilla tions are, o f course, not the only 
ones which can be excited in a string by bowing. As mentioned in 3.6.1 
above, longitudinal and torsional vibrations are also possible. The 
former are not o f musical interest, but there is some evidence that 
torsional osc il la t ions  may play some part in sound generation through 
the stick-and-slip mechanism. I t  is  d i f f ic u lt  to see how any sign ificant 
amount of energy from torsional oscilla tions could be communicated to the 
ambient a ir.
Any complete theory o f sound production in strings by bowing must 
also take account o f the *col legno' e f fec t .  I f  the bow is held upside 
down so that the strings are bowed with the wood rather than the horsehair, 
the string s t i l l  vibrates but a d ifferent timbre is  produced. Meyer 
(1978) states that *the starting transient e f fec t  o f col legno playing is  
most e f fe c t iv e  because there the string vibration does not fu lly  develop' 
(p .63)
3. 6.4 Plucked Strings
In the harp, the guitar, the harpsichord types o f instrument, 
and in v io l in  family instruments played pizzicato, the sound is  not 
produced continuously as by bowing, but by an intermittent process. Part 
o f the stationary string is  displaced by a small distance h perpendicular 
to i t s  length and then released. Taking the displaced portion to be a 
point at the centre, i t  can be shown (e .g . Kinsler et al 1982, p 47)
that the amplitude a o f the nth harmonic of the osc il la t ion  isn
given by
a .  lh _
n 2 2 sin nTr/2n n
I t  follows from the sine term of this expression that the even 
numbered harmonics are completely absent, while the amplitudes of 
the odd harmonics decrease rapidly, the third harmonic having 1/9 
the amplitude of the fundamental, the f i f t h  1/25 and so on.
This is  a simple case, because i f  a string is  plucked at i ts  
centre, every harmonic w i l l  have either a node or an antinode at the 
point o f excitation. More generally, the excitation o f any mode 
by plucking at any point P is  proportional to the amplitude o f that 
mode at P. This is  in addition to the n term, so that i f ,  for 
example, the f i f t h  mode has only 0.7 o f i ts  maximum amplitude at the 
plucking point, then the amplitude o f that mode w i l l  be 0.7/25 = 0.028 
that o f the fundamental.
I t  follows that plucking a string near one o f the fixed ends 
gives more emphasis to the higher harmonics, and a r icher1 harmonic 
content throughout, since there w i l l  be fewer modes almost or completely 
absent.
I f ,  instead o f being pulled slowly to one side and released from
rest, the string is  plucked quickly and le t  go while s t i l l  moving, the
tone produced is said to be richer in hartaonic.s (Rigden 7’777013 .
The unwanted seventh and ninth harmonics can be reduced in intensity 
by plucking the string 1/7 to 1/9 o f i ts  length from one end.
In practice the string is  not deflected at one point but over a 
length which may be from less than 2 mm for a narrow plectrum, finger
nail or harpsichord q u i l l ,  up to 20 mm or more for a guitar string
plucked with the finger and thumb. Such a means of excitation is 
equivalent to a number o f  point plectra spaced over a distance, or 
approximately to two plectra spaced 2 to 20 mm apart. This arrangement 
gives zero excitation fo r  the mode whose internodal distance is  equal 
to the plectrum spacing, and very weak excitation for any higher mode.
A typical guitar string of length 600 mm plucked with a 2 mm plectrum 
should thus y ie ld  harmonics up to about the 300th. For those up to 
the 100th, the wavelength is  long compared to the size o f the plectrum, 
and the theory for  the point plectrum applies approximately. I f  
plucked by finger and thumb (a 20 mm plectrum) no harmonics above 
the 30th would be excited, and the simple theory would be true only 
up to the 10th harmonic.
In a real string, inharmonicity due to string st iffness inhibits
generation o f harmonics above about the 40th. Interest in the
higher harmonics is  in any case academic rather than practical because
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of the rapid f a l l  o f f  in intensity due to the 1/n factor discussed 
above.
The action o f the harpsichord or spinet d if fe rs  s ligh tly  from that 
o f plucking a string with the fingers or a plectrum, and the timbre 
produced is d ifferen t also. When a key is depressed a 'jack ' rises. 
This is a piece of wood carrying a projecting 'q u i l l ’ (nowadays made 
o f  synthetic material), about 3 mm long and less than 1 mm wide. As 
this rises i t  strikes, de flects , and then releases the string. When 
the key is released the jack fa l l s ,  the qu ill brushing past the string 
without plucking i t ,  and then the damper is applied.
This action mear?.s that a certain amount of extraneous sound is 
produced other than that o f the plucked string. First o f a l l ,  when 
the qu il l  strikes the string, the two sections into which the 
qu il l  divides the string begin to vibrate independently. These 
vibrations are not normally in tune either with the intended note 
or with each other, and they die away the moment the string is  released 
However, because they are inharmonic and produced by percussion, they 
imply that the f ina l timbre can contain components having a node at 
the plucking point. I t  also means that there can be a s light change 
o f timbre according to the force with which the key is  struck.
The harpsichord action g iv e  no control of the intensity o f the note 
Irrespective o f  the strik ing force, the string is deflected a certain 
distance and then released. I t  therefore always osc il la tes  with the 
same amplitude.
A second source o f extraneous sound occurs when the qu il l  passes 
the string on i t s  return, as mentioned above, and f in a l ly  there is  
the poss ib il ity  o f a b r ie f  period of vibration of the part o f the 
string between the fixed end and the damper. A ll these factors add 
up to give the harpsichord i t s  characteristic timbre.
Although in i t ia l l y  the tone of the harpsichord contains more 
partia ls than does that o f the pianoforte, the timbre changes during 
the length o f  the note because the higher partials decay more rapidly. 
Because harpsichord strings are comparatively thin and under lower 
tension, the tendency to inharmonicity due to stif fness  is  not so great.
3.6.5 Hammered Strings
In some instruments the strings are set in motion by being struck
with hammers. The pianoforte is the best known example o f this type,
but i t  also includes such traditional instruments as the hammer dulcimer
✓
and the Hungarian cimbalom. I f  energy is communicated to a string 
by an instantaneous blow from a hammer of infinitesimal width, the 
string starts from i ts  rest (zero displacement) position with some 
in i t ia l  ve loc ity  distribution. In the ideal case, the ve loc ity  
is a maximum at the strik ing point and fa l ls  o f f  l inearly  towards the 
two fixed ends. This contrasts with the action o f the plucked string 
considered above, where there is zero velocity, but a displacement 
proportional to the distance from the fiex  end. Another way o f 
looking at i t  is  that the struck string possesses in i t ia l  kinetic energy 
whereas the plucked string has potential energy at the moment o f release. 
In each case the transfer o f energy is  ideally instantaneous, and there 
should be no further interaction between string and exciting agent.
The analysis o f the resulting motion is more complex than in the 
case o f the plucked string. I t  is dealt with by Morse (1948) and 
A.B.Wood (1960).
In the pianoforte the strik ing point is normally about 0.12 o f the 
length o f the string from one end (Wood and Bowsher 1975). This ensures 
that there is  as l i t t l e  excitation as possible of the dissonant 7th, 9th 
and 11th partia ls . Their nodes would be respectively 0.143, 0.111 and
0.091 o f the way along the string.
Real hammers do not hit the string at a point, so the force 
applied to the string varies over a distance along the string. They 
are also soft, being covered with f e l t ,  so that the force is not 
instantaneous but varies over a period of time. Both these factors 
result in attenuation o f the higher modes. A broad hammer is  similar 
in i t s  e f fec t  the broad ple'ctrum'discussed' above. In addition, 
modes for which the half-period is comparable to the duration of the 
hammer-blow are less strongly excited, and modes o f  higher frequency 
hardly excited at a l l .  I t  is noticeable that harder hammers, and 
therefore shorter duration hammer-blows, are used for the higher notes 
on the pianoforte.
As in the case o f the plucked string, the e f fe c t  o f  string s t if fness  
is  once more to reduce excitation of the higher modes. The pianoforte 
uses thicker strings than the harpsichord, but they are also under 
higher tension, and these two factors work in opposite directions.
A further e f fe c t  o f the f in i t e  duration of the blow of the hammer 
is  that during the time that the hammer is in contact with the string, 
the two parts of the string can vibrate independently. These oscilla tions 
can generate modes o f vibration which ought, on the simple theory 
outlined above, to be absent. Such oscillations are responsible fo r  
the transient tone o f the pianoforte. The tone is richer in the 
higher harmonics when the instrument is  played loudly. The hammer must 
not be allowed to remain in contact with the string too long, however.
In order for there to be maximum energy transfer from hammer to string, 
the duration o f the blow must be less than the time taken for a 
transverse wave to travel to the far end of the string and back again,
3.6.6 Stringed Instruments as Complete Systems
A highly-developed instrument such as ,ai v io l in  or pianoforte is  a 
complex assembly of coupled systems, each with i t s  own resonant 
frequencies and damping. In the v io lin  the strings pass over the 
bridge which in turn rests on the belly . This is  linked to the back 
by the soundpost, and the cavity within the instrument communicates 
with the ambient air'through the f-holes. Vibrations are also trans­
mitted direct from the belly to the a ir. At each stage, the amount of 
energy passed on is determined by the wave or characteristic impedances
of the various materials; gut or metal strings, wood o f d ifferen t 
types, a ir . The wave impedance z o f a substance is  related to its  
inertia  and e la s t ic i ty  by an equation o f the form
z = ^/inertia x E lastic ity
The actual parameters used for  inertia  and e la s t ic i ty  vary 
according to the type o f wave involved. In the case o f  transverse 
waves in a stretched string, the inertia  is related to the linear 
density and the e la s t ic i ty  to the tension.
Such considerations may be important for the transfer o f energy 
from string to bridge and from v io lin  body to the atmosphere, but 
since a l l  the component parts of the body are made o f wood, the 
characteristic impedances are o f the same order and the v io l in  acts 
to a large extent as a complete vibrating system. The resonances 
include the ’ main air resonance' at around 290 Hz and the ’ main wood 
resonance’ near 440 Hz. The former is  basically the Helmholtz 
cavity resonance, modified by the fact that the walls o f the cavity..- 
are not r ig id , and the la t te r  arises largely from plate resonance 
combined with a ’ sloshing mode’ o f the a ir in the cavity.
At higher frequencies, above around 3 kHz, the bridge and bass bar
of a v io lin  can no longer be considered as r ig id  structures, and their 
vibrations become sign ificant. The acoustic behaviour o f the instrument 
is  a function o f the relationships between these resonances. None o f 
the peaks must be too sharp, or the response is  very uneven, so there 
must be adequate damping. In wood, the damping increases at higher 
frequencies.
The timbre of the v io l in  depends upon the relationship between string, 
a ir  and wood resonances. For example, the strings o f  a v io la  are tuned
a f i f t h  lower than those o f a v io l in ; the frequencies are in the ratio
2 : 3 .  The a ir resonance, though, is  only about 20% lower, which 
means that i t s  relation with the strings, and thus the timbre, is  
d ifferen t. In particular, i t  does not reinforce the tone o f the lower 
strings to the same extent.
I f  the v io l in  is  bowed strongly, the bridge can be excited by a 
d ifferen t mechanism called 'ind irect excitation ’ , at twice the funda-
mental string frequency. This means that the tone o f  a v io lin  
played mf is  richer in harmonics than when i t  is  played piano.
The mute, which is  a small mass attached to the bridge, lowers the 
wood resonances without a ffec t ing  the a ir ones greatly , and thus 
alters the tone colour as well reducing the overall volume.
A peculiar phenomenon called the 'wolf note' occurs in some 
v io l in  family instruments, notably the 'c e l lo .  I f  a note is  played 
the frequency o f which is close to that o f the main wood resonance, 
using a l igh t bowing 'pressure', a harsh grating sound may be obtained. 
This is caused by energy being taken out o f and fed back to the string 
by the belly resonance. More energy has to be supplied by the bow, 
and the sound produced jumps from the fundamental to the octave and 
back. I t  can sometimes be prevented by using a higher bowing 
'pressure', or the resonant frequency can be shifted s ligh tly  by 
applying small loads in appropriate places.
The v io lin  'fam ily ' as at present used in the orchestra is  not in 
fact a complete and homogeneous family of instruments. The fundamental 
frequencies in hertz of the strings o f the four instruments are as 
follows
Violin G3 (196) D4 (294) A4 (440) E5 (659)
This is not a complete set with overlapping ranges spaced a fourth or 
f i f t h  apart; fo r  example there is  a gap o f a whole octave between the 
v io la  and the 'c e l lo .  The double bass is  in fact not a v io l in  at a l l  
but a descendant o f the v io l  family, with a f l a t  back, sloping shoulders 
and tuned in fourths. Some players even today s t i l l  use the v io l 
bowing technique.
3.7 Scope o f Enquiry
This subject has already been dealt with in b r ie f  general terms in 
para. 1.2. Now that the physical principles involved have been specified, 
i t  is  possible to be more precise. The investigation was concerned with
Bass
Viola
'Cello
C3 (131) G3 (196) D4 (294) A4 (440)
02 (65.5) G2 ( 98) D3 (147) A3 (220)
E1 (41.2) AI ( 55) D2 (73.5) G2 ( 98)
the history and progress o f  research into the production of sound by 
conventional musical instruments using a ir columns and strings as 
resonators. The behaviour of components of instruments as well as 
complete instruments was considered relevant. Study o f the principles 
o f operation sometimes led into areas of general physics and 
occasionally even into other specialisms. For example, investigation 
o f tone generation by je ts  and edges brought up references to papers 
describing acoustic generation by je ts  in free a ir, aeolian tones, and 
even the behaviour o f  supersonic je ts .
On the other hand, instruments using multidimensional solid 
resonators such as drums, b e lls ,  cymbals, gongs and xylophones were not 
considered in this study. The physics and mathematics involved in 
dealing with two- or three-dimensional solids are much more involved 
than those o f strings and pipes, which are basically unidimensional.
Even a f la r in g  horn can be described using modifications o f  the pipe 
equation which take into account' the facts that the area of the pipe 
and the ve loc ity  o f propagation o f waves along i t  are not constant.
Some degree o f understanding o f instruments based upon pipes and 
strings seems to be within sight, but given the d i f f ic u lt ie s  which 
have been encountered in arriv ing at this stage, i t  is  hardly surprising 
that such lite ra tu re  as has been published on instruments using solid 
resonators has tended to be somewhat superfic ia l.
A musical instrument does not exist in isolation, but as part o f 
a chain extending from the player, via the instrument, to the room and 
thence to the lis tener. Studies taking account o f this have been 
included, even where the methods employed necessarily owed more to 
psychology and the socia l sciences than to the physical ones. The 
essential link was considered to be the instrument as such. No 
further excursion into psychophysics was considered advisable at this 
stage.
3.8 Methods Used by Workers in the Field
I t  is  o f interest to consider some of the research techniques 
which have been applied to the solution of problems in the physics 
o f musical instruments. During the 19th and the early part o f the 
20th century, much o f the work in this f ie ld  was done by men who were 
eminent in the main stream o f  physjCcfy such as Helmholtz, Rayleigh 
and Raman. Their research was pursued as an integral part of their 
work, which was often as varied as they themselves were versatile .
The apparatus used was simply that available in the normal laboratory 
o f the period, supplemented by what they designed and built themselves.
Nowadays people tend to specialise much more. There are very few
fu ll-tim e researchers in musical acoustics. Most o f the work is
done by specia lists  in other f ie ld s ,  working in their spare time.
They may by training and experience be e lec tr ica l engineers, nuclear 
physicists, or computer sc ientists , and they naturally tend to bring 
their patterns of thought and the tools o f their trades with them.
E lectrica l engineering in particular has had a great influence 
on musical acoustics, and the collaboration has been very fru it fu l .
Many acoustical problems can be dealt with by translating them into 
analogous e lec tr ica l  terms. Vibrating systems can be represented 
by equivalent c ircu its , or pipes and strings by transmission lines. 
Concepts such as impedance are transferable from one d iscipline to 
the other. Many papers have been written and much progress has been 
made in this way. (See Shive and Weber 1982).
But, valuable as such analogies are, they have their dangers also.
Sound and radio are both wave motions, but the thermo-mechanical 
properties o f a ir  are not necessarily the same as the electro-magnetic 
properties o f free space. I t  may be convenient fo r  those who are 
accustomed to thinking in e lec tr ica l  terms to use them for describing 
acoustic phenomena, and this has in fact to a large extent become the 
general practice (Kinsler and Frey 1982, Preface and passim).
However, educationally an analogy is  valuable only to the extent that 
the analogue is  more fam iliar and more easily understood. The present 
author has found i t  helpful to explain an e lec tr ica l  problem in terms of
a mechanical analogy (Dibdin 1964). The point here was that the 
apparent d i f f icu lty  in understanding arose because e lec tr ica l 
engineers tend to think in terms o f the ideal c ircu it  element, 
for example a capacitor with zero inductance and resistance. I t  
would never occur to them to imagine that a spring could have zero 
mass and internal f r ic t ion .
Most s c ien t i f ic  research now involves the use o f  computers, and 
musical acoustics is  no exception. High-speed d ig ita l  computing has 
made investigations possible which could never have been done previously. 
But there is  a tendency for  the computer to dictate the type of problem 
to be studied and the way in which i t  is  tackled. The drudgery o f 
repetit ive  experimentation has been replaced by the drudgery of 
writing, debugging and validating programs, which can be just as time- 
consuming.
Sometimes the invention or acquisition of a piece pf apparatus 
determines the types of research to be done, and the use o f the 
equipment becomes an end in i t s e l f .  The work done by Leipp and 
co-workers in Paris using their 'sonagraph' is  a case in point. As 
new apparatus and techniques have become available, researchers have 
been quick to use them, fo r  example the work o f Jansson in Stockholm 
using f i r s t  holography and then laser speckle interferometry to 
investigate the vibrations o f v io l in  and guitar plates. I t  is 
interesting to compare this use o f sophisticated modern techniques 
with the experiments of Hutchins on v io lin  plates. These were an 
up-to-date version of Chladni's c lassica l work on metal plates, using 
an e lec tr ica l vibrator instead o f a v io l in  bow and Christmas tree 
' g l i t t e r ’ instead o f the traditional lycopodium powder. Valid results 
can s t i l l  be obtained using simple apparatus.
4 : CLASSIFIED SURVEY OF THE LITERATURE
4.0 Rationale, Basis and Method o f C lassification
In this chapter, an attempt w i l l  be made to ^.classify and subdivide 
a selection o f the litera ture  on the acoustics o f musical instruments.
The aim of this is  to enable workers in the f ie ld  rapidly to identify 
contributions o f interest to them. For this reason i t  would ideally 
have been desirable to have included a l l  the entries in the f i l e ,  both 
'seen' and 'unseen1 ones. This has not been done, for several reasons.
In the f i r s t  place, considerations of the space needed led to the 
conclusion that 600 entries would be quite su ffic ien t. Even so, the 
complete bibliography w i l l  be extremely long. The more entries that 
are included, the less the chance of anybody working through the whole 
l i s t .
I f  a l l  the 'unseen' entries had been included, the bibliography 
would have been three times as long, and thus to ta l ly  impracticable 
in the context of the scale o f the present work. Nevertheless, i t  is 
to be hoped that some way may eventually be found o f making the entire 
f i l e  available to potential users. Furthermore, since i t  has been 
possible to give at least some consideration to a l l  entries which have 
been included, a user w i l l  be assisted to some extent by the c la s s i f i ­
cations R, S, T and A, which were referred to in 1.9 above.
The sample covered by this survey is thus possibly a somewhat 
biased one. Inclusion of an entry in i t  depends upon the contribution 
referred to, or at least an abstract o f i t ,  having been seen by the 
present writer at some time within the last ten years. The cut-o ff 
date is  arbitrary; i t  is  that the publication should have been 
available in the library of the University o f Surrey by the end o f 
December 1982.
Possible reasons for a particular contribution being or not being 
seen are diverse, including such capricious factors as physical availa­
b i l i t y  and personal interest. Nevertheless i t  is  claimed that few 
sign ificant recent contributions have been omitted, and that a reasonably 
representative review has been achieved.
The procedure adopted was as follows. Contributions to the 
l ite ra tu re  were c lass if ied  according to the type o f musical instrument 
studied. Five broad categories of instruments were identif ied ; 
f lu te  type, reed woodwind, cup-mouthpiece lip-reed, stringed non­
keyboard and stringed keyboard instruments. These distinctions 
again are fa i r ly  arbitrary, as w i l l  appear, but most published work 
fa l l s  reasonably lo g ica l ly  into one or other o f the categories named. 
Further details  o f the defin itions and any anomalies involved w i l l  be 
found in the introductions to the following paragraphs, which summarise 
research into instruments o f these types.
The l i s t s  which fo llow  were produced in the following manner. For 
each o f the broad categories l is ted  above, certain basic subject codes 
were selected which between them would cover the whole o f the category. 
The set o f 600 or so punched cards covering the 'seen* entries was then 
needled for each o f these subject codes in turn, to iso la te  the cards 
which had been notched for  that code. After a visual check to make 
sure that no fa lse  drops had occurred, this group o f cards was sorted 
into the R, S, T and A c lass if ica tions , again using a needle. Finally, 
within each o f these c lass if ica tions  the entries were arranged 
chronologically. This process was carried out for each one of the 
selected l is ted  subject codes, and from the resulting p iles  of cards 
the l i s t s  were prepared.
For brevity and convenience, entries are referred to in these l i s t s  
simply by f i r s t  author's name (with the addition o f  a + sign i f  more than 
one author is  involved), followed by the s ix -d ig it  ser ia l number 
referred to in para. 2.5 above. The fu l l  reference for  the entry can 
then be found in Appendix D, where they are lis ted  in numerical order 
o f the seria l numbers, which corresponds roughly to alphabetical order.
I t  should be appreciated that, because of this chosen method, the 
same publication may appear in more than one o f the l i s t s .  This is  not 
seen as a disadvantage, since the subject categories are not mutually 
exclusive. One publication may re fer  to several d ifferen t musical 
instruments, and therefore be l is ted  in as many d if feren t places. A 
user w i l l  not necessarily be interested in more than one of these topics, 
and cross-referencing would have been a cumbersome waste o f time.
I t  is hoped that this method w i l l  simplify the task o f  workers 
in the f ie ld ,  by breaking down the mass of l itera ture  into manageable 
c lass if ied  groups. For each broad category o f instruments, a summary 
has been written giving some account o f recent work and possible 
future trends.
4.1 Flute Type Instruments
This category consists’ o f  wind instruments in which the resonator 
is- a pipe or tube with or without side holes, or in .rare cases a 
cavity, while the driving o s c i l la to r  is  a jet-edge system operating 
from an a ir stream provided either by the human lungs or a mechanical 
blower. Musical instruments using these principles include the f lu te , 
recorder and pipe organ, together with whistles and pipes o f various 
sorts. Relevant subject codes are l is ted  below, with some b r ie f  notes 
on the c r i te r ia  used in deciding whether a particular contribution 
f e l l  into that category or not. As has been noted ea r l ie r ,  a computerised 
information storage and re tr ieva l system operates purely l i t e r a l l y ;  i f  
the key word forms part o f the t i t l e ,  or sometimes the abstract, o f 
the work, then i t  is c lass if ied  under that heading, whether relevant 
or not. I f  the word does not appear, i t  is  not so c lass if ied  even i f  
this would have been appropriate.
A human cataloguer, i f  fam iliar with the material being c lass if ied , 
can i f  necessary stretch a category to include material which is 
marginally relevant but which would otherwise not have been c lass if ied  
at a l l .  Cases where this has happened w i l l  soon become obvious.
Subject Key
flu te  This was taken to re fe r  sole ly to the conventional
orchestral transverse f lu te , though naturally 
including i t s  baroque ancestor and i t s  relations in 
other countries.
recorder A l l  mouth-blown f lu te - l ik e  instruments other than
flu tes  were included here, such as the galoubet
and shakuhachi, together with whistles o f  various
types.
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pipe In addition to contributions on the physics o f
organ pipes, the words pipe, tube, duct or 
something similar occur in the t i t l e s  of 
theoretical studies on the transmission o f 
sound through long narrow enclosures, 
organ This word appears in t i t l e s  either alone;
or in conjunction with ’ p ipe ', so i t  was
used as a separate keyword, 
j e t  ) In flute-type instruments these appear together,
edge ) as a jet-edge system. However, many workers have
studied sound generation by je ts  and edges 
separately. They have been lis ted  as separate 
keywords, but there is considerable overlap.
For convenience o f  reference, the l i s t s  o f entries described in para.
4.1 have been grouped together in a series of Tables with appropriate, 
headings.
I t  w i l l  be apparent from Table 4.1.1 that recent f lu te  research 
has largely  been dominated by J.W. Coltman and N.H. Fletcher. The 
contributions of these two workers are considered in greater deta il 
in Chapter 5. I t  :s o f  interest to note that they are both f lau tis ts . 
Scientists or engineers with some specialisation other than acoustics, 
who are also amateur musicians, are common among workers in this f ie ld .
In the case o f  organ pipes, l is ted  in Table 4.1.2, the basic 
problem is similar, but there have been research and technical contri­
butions from a greater variety o f authors. There is  considerable overlap 
between the two categories ' f lu t e '  and ’ organ pipe’ - which is understand­
able, given their physical s im ilar ity . Most progress in recent years 
seems to have been made using the e lec tr ica l analogy, considering the 
pipe as a transmission l in e , with any side holes as branches 
(e .g . Nederveen+ 666603).
Considering recorder-type instruments, there has not so far been 
so much fundamental research done, as can be seen from Table 4.1.3.
This has perhaps been partly due to lack of interest in the instrument 
among suitably qualified  academics with access to funds. Much work 
has recently been done at a technical leve l,  however, and published
in journals such as that o f  the Galpin Society, and Recorder and Music.
As in the case of the f lu te  noted above, amateur recorder players 
who are professional sc ientis ts  (and semi-professional recorder players 
who are amateur sc ien tis ts ) are beginning to take an interest in the 
acoustics o f the instrument. Work has been done or* d ifferent 
fingerings (Juritz 456001, Hunt 40580I& 406102, Higbee 396201), and 
also on the relation between pitch and breath pressure (Wyatt 967502, 
Osmond 687602', Dunn 247701 , Massy 597801 ) .
The time is probably ripe fo r  a fu l l  study o f the physics o f the 
recorder; a recent paper by Lyons (578102) pointed the way. One 
anomaly which has appeared is  that Bak (066901) found that variation 
in the volume o f the mouth cavity had no e f fec t ,  whereas Clinch et al 
(198202) found changes in the shape o f the vocal tract for d ifferent 
notes. This work was carried out mainly on clarinet and saxophone 
performance, but related also to recorder players. They claimed that 
the timbres produced by male and female players on the clarinet are 
d ifferen t, and i t  would be interesting to see whether the same was 
true for recorders, or in fact whether the physiology o f the player 
made any difference at a l l .
Much work was done on edge and je t  tones in the 1950’ s and 1960's 
and even ea r l ie r ,  as w i l l  be seen from Table 4.1.4. The mechanics 
of the production o f free j e t ,  edge, and jet/edge tones are now fa ir ly  
well understood, and l i t t l e  has been published in this f i e ld  recently 
apart from a paper by Fletcher and Thwaites (297902). Many references 
to je ts  and edges in the litera ture  nowadays are found to re fer to 
supersonic je ts ,  or to noise from turbines, propellers and rotor blades.
One problem in pipe tone research which i t  might well be thought 
could have been fa i r ly  easily  resolved nevertheless s t i l l  seems to 
surface at intervals. This is  the question of the influence o f the 
material of which the walls o f the pipe are made upon the timbre of 
organ pipes and wind instruments. As recently as 1981, a paper by 
Hoon and Tanner (408101) suggested that 'weathering of the pipe surface 
and metallic d iffusional e f fe c ts ' might be responsible fo r  'causing 
the organ to lose i t s  new brightness and become more mellow'. There is 
l i t t l e  objective support fo r  such a view; such differences as have 
been found between organ pipes made from different materials could well
be accounted for by dimensional deviations. Nevertheless, wind 
instrument, players and organ builders seem to be subjectively 
convinced that there is  an e f fe c t .  Backus and Hundley (056601) 
summarised the situation well, and Coltman (207101) performed an 
interesting experiment with f lau t is ts  and listeners.
TABLES 4.1 Classified Analysis of Entries
Relating to Flute-Type Instruments 
Table 4.1.1 Key-word : FLUTE
Class R (For defin itions of these c lassifications, see 1.9) 
Coltman 206601, 206801 Nederveen 667302 
Sawada-*- 828001 Fletcher-*- 298001
Class S
Veenstra 936401 Coltman 206802 Fletcher 297401
Class T
Young-*- 983601 
Brindley 157101 
Coltman 207301
Benade-*- 096501 
Coltman 207101 
Fletcher 297501 
Coltman 207701, 207901, 208101
Ando 026701, 027002 
Fransson 307203 
Worman 967501 
Fletcher-*- 298202
Class A
Strong-*- 898101 Nolle 678202
52.
Class R
Brown 163801 Thurston* 915302 Nederveen* 666303 
Backus* 056601 Cremer* 226701 Benade 096803
Coltman 206801 Elder 267302 Fletcher 297403,
297607
Backus 057502 Coltman 207602 Schumacher 847802
Fletcher* 298001
Class S
Bouasse 142901 Mercer 625302 Fletcher* 298301
Class T
Anderson* 022801 von Glatter-Gotz 343501 
Lottermoser 563701, 563801 Boner* 134002
Lottermoser*-566401 Castellengo 186901 
Coltman 206901 Franz* 307001 Brindley 157301
Myung 657401 Fletcher 297604 Pisani 707601
Fletcher 287701 Pollard 707802 Schlosser 847902
Thwaites* 918003, 918201
Class A
Taylor 913101 Backus 056502, 057402
Pisani 707401 Fletcher 297605 Walker 947701
Rawcliffe 747803 P litn ik  707904 Nolle 678203
Key-word : ORGAN (and not pipe)
Class T
Lottermoser 565301 Grutzmacher 345401 
Leipp 527103
Table 4.1.2 Key-word : PIPE, Tube# duct# etc.
297606,
Table 4.1.3 Key-word : RECORDER {see 1.9)
Class R
Gavreau 335401 Fletcher + 298001
Class S.
Herman 395901
Class T
Schreiber 840001 von Lupke 574001 Hunt 405801
Juritz 456001 Hunt 506102 Higbee 396201
BSI 156401 Castellengo 186601 Bak 066901
Brindley 156902 Chanaud 197001 Fransson 307201
Wyatt 967502 Osmond 687602 Dunn 247701
Garrett+ 337701 Massy 597801 Mayers 607901
Lyons 578102 Clinch+ 198202
Class A
Elder 266301 Ando+ 027802 Rawcliffe 747803
Table 4.1.4 Key-words ; EDGE and/or JET (e ither or both)
Class R
Powell 715301 Richardson 765501 
Brackenridge+ 156101 Powell 716101 
Fletcher+ 297902
Brackenridge 156001 
Nilakantan+ 676401
Class S
Richardson 765301
Class T
Hartmann 382201 
Brocher 167501
Massen 596901 Smith+ 877403
Class A
Powell 716001
This paragraph deals with instruments having a pipe resonator 
driven by a vibrating mechanical reed. In addition to the instruments 
o f the conventional orchestra or band - clarinet, oboe, bassoon, saxo­
phone - i t  includes reed organ pipes as well as bagpipes of a l l  sorts. 
The instruments themselves can be divided according to whether a single 
or a double reed is used, and i t  is  convenient to group the entries 
sim ilarly. Thus the c lass if ica t ion , and the selection o f key-words, is  
superfic ia lly  somewhat d ifferen t from that chosen fo r  the f lu te - l ik e  
instruments. The important factors have been taken to be the frequency 
with which possible key-words or descriptors appeared, and the brevity 
with which categories could be defined. The l i s t  o f selected key-words 
follows.
Subject Key-words
reed, single This category is almost se lf-de fin ing .
I t  includes reed organ-pipes as well as 
the c larinet and saxophone
reed, double This includes a l l  types o f bagpipes as 
well as the oboe and bassoon.
The l i s t s  which follow have been compiled on the following basis. 
Table 4.2.1 l i s t s ,  f i r s t  o f a ll ,  entries which f a l l  into the category 
o f single-reed woodwind instruments. Most o f these entries re fer to 
the clarinet. A single contribution on the reed organ pipe is  l is ted  
separately. Next, in Table 4.2.2, come entries re ferring to double­
reed woodwind instruments - the oboe, bassoon and bagpipes. Some 
publications were found which dealt with reeds in general, without 
reference to any spec ific  instrument. These also are l is ted  in 
Table 4.2.2.
Finally, i t  was found that a number o f contributions on woodwind 
instruments in general remained, which had not been included in any of 
the categories so far l is ted  in Tables 4.1 and 4.2. These have been 
grouped together in Table 4.2.3.
4.2 Reed Woodwind Instruments
Much o f the recent work on the clarinet has been carried out 
by Backus, as can be seen from Table 4.2.1. His contributions w il l  
be discussed in deta il la ter . A recent development has been Schumacher's 
extension to the c larinet o f his integral equation technique.
Application of his method to the clarinet showed fa i r  agreement between 
theory and experiment for notes in various parts o f  the range o f the 
instrument, including multiphonics. The recent paper by Clinch,
Troup and Harris on vocal tract resonance in wind instruments (198202) 
has already been referred to in.connection with the recorder, although 
in fact the instruments sp ec i f ica l ly  referred to in the t i t l e  are the 
clarinet and saxophone. I t  w i l l  be interesting to see how this study 
progresses; the paper referred to is  described as a preliminary account.
Research into double reed instruments has been more varied. ..Of 
the publications l is ted  in Table 4.2.2, four re fer to the oboe, f iv e  to 
the bassoon, f iv e  to the Scottish Highland bagpipe, and two to other 
types o f bagpipe. Much o f the work has been at a technological leve l;  
problems spec ific  to one particular instrument. No one worker 
predominates in this f ie ld ;  one o f the most substantial studies l is ted  
is  that o f Lehman in 1963 (516401). This was an analysis the 
harmonic structure o f  bassoon tones produced by d ifferen t players on 
d ifferent instruments. Not only did the spectra d i f f e r  from player 
to player, but one player on the same instrument could produce d ifferent 
tones at d ifferent times. Formants, that is  regions in which a l l  
harmonics are in tensified , were found round about 460 and 1250 hertz.
The concept of the formant is  an interesting one. Human beings can 
vary the shapes and volumes o f  the mouth and throat cav it ies . In this 
way they superimpose resonances on sung notes o f any frequency, thus 
g iving them'the characteristics o f the d ifferent vowel sounds. The 
idea was then extended to musical instruments. I t  has been a fru it fu l  
one, but the term has not been used to the same extent in more recent 
work.
A notable feature has been the recent increase in interest in the 
acoustics o f bagpipes; this is  possibly due to the number o f players 
and makers o f these instruments now working in the f ie ld  and contributing
to the l itera ture . (See Lenihan, Carruthers, Firth, McNulty, Lincoln).
Naturally, the contributions relating to the woodwind in general, 
l is ted  in Table 4.2.3, are more fundamental, and their conclusions 
apply to more than one instrument. The work o f Backus, Benade and 
Fletcher, which is prominent in this l i s t ,  w i l l  be discussed la ter .
Apart from this, the recent contributions by Keefe are noteworthy.
His work was a continuation o f the transmission-line approach to 
woodwind theory mentioned above. Concentrating on the e f fe c t  o f a 
single open tone hole, he considered i t  as a T-section in a transmission 
line, and in his theoretical paper (468203) calculated the imaginary 
parts o f the series and shunt impedances in terms o f the frequency, 
the diameter o f the main tube, and the dimensions o f the tone hole.
Tn his experimental paper (468204) he showed that measurements on an 
experimental r ig  agree with the predictions of his theory.
Nederveen's book 'Acoustical aspects of woodwind instruments’ 
(666901) was a valuable survey of knowledge as i t  existed at that time, 
plus the w rite r 's  own contributions to the f ie ld .
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TABLES 4.2 C lassified Analysis o f Entries 
Relating to Reed Woodwind Instruments
Table 4.2.1 Key-word REED, SINGLE (_+ woodwind instrument)
Class R
Backus 056304, 056801 Worman 967101 Schumacher 847803, 848101
Class S
Backus 056303
Class T
Parker 694701 Backus 056101, 056201, 056301, 056402
Nederveen 666401, 666402 Backus 057701
Syrovy 907901 Clinch+ 198202
Class A
Backus 056001, 056102, 056103, 056202, 056302, 056501
056602 056603, 057201, 057803 Lockwood 557801
Schumacher 847904 Backus 058001, 058101
Kev-word REED. SINGLE (+ organ pipe)
Class A
P litn ik  707904
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Table 4.2.2 Key-word REED, DOUBLE (* woodwind instrument)
Class R
Backus 056701
Class T
Lenihan* 535401 Bate 075501 
Nederveen* 666701 Brindley 156801 
Carruthers 177702, 177802 Firth* 
P litn ik* 707902
Backus 056201 Lehman 516401
Smith* 877301
287803
Class A
McNulty 587401 Lincoln 547601
Benade* 098102 Richards* 768101
Key-word REED (s ingle  or double not mentioned)
Class R
Backus 057403 Fletcher* 29820'
Class T
Nederveen 666902
Class A
Backus 057401
Table 4.2.3 Key-word WOODWIND (and not any other key-word
previously l i s t e d )
Class R
Benade 095901 * 096003 
Backus 056401 Fletcher
Keefe 468203, 468204
Class S
Benade 090001> 096001 
Nederveen 666901
Class T
Smith* 877402 Sirker
297903
867901
Class A
Benade* 096702, 097403 Benade 097404 
Backus 057702 Richards-*- 768201
4.3 Cup-Mouthpiece Lip-Reed Instruments
The third and last group o f wind instruments to be considered 
is that often loosely described as the 'brass’ , although early members 
o f the group were often made o f wood or other materials. In these the 
driving osc il la to r  consists o f the player's lips  vibrating inside a 
cup-shaped mouthpiece. The resonator, although often parallel-sided 
for much of i t s  length, usually ends in a horn or b e ll which flares  
outwards to a greater or less extent.
Publications dealing with wind instruments in general are l is ted  
here i f  they have not been mentioned already, and a few papers dealing 
with an instrument which, although actuated by a ir, is  not a wind 
instrument as such.
When classify ing the brass instruments, i t  has been found best to 
use the names of the orchestral instruments - horn, trombone, trumpet, 
tuba- as key-words. In fact, most o f the entries under the f i r s t  o f 
these headings, to be found in Table 4.3.1, deal with horns in general 
rather than the orchestral French horn. The basis o f much la ter  work 
on the theory of horns was the equation known as Webster's, presented 
in his paper of 1919 (941902). This wafe, in a way, a rediscovery of 
ea r l ie r  work by, inter a lia , Euler and Bernoulli, and i t s  extension to 
loudspeaker horns.
Making the simplifying assumption that the density and bulk modulus 
o f the a ir are constant along the horn (dimension z) so as to concentrate 
on the e f fe c t  o f the area S, Webster's equation for  the pressure p can 
be stated as
1 'b p =  b p | 1 dS b> p
C* b t*  h 'z2' 5  d z ^ z
which can be seen to consist o f  two terms, the fam iliar unidimensional
one plus a term expressing the size and rate of f la re  o f the horn.
This matter w i l l  be returned to when the work of Benade is  considered 
in more deta il.
i
Tables 4.3.2, 4.3.3 and 4.3.4 l i s t  entries concerned spec if ica lly  
with the trombone, the trumpet, and the tuba together with early cup- 
mouthpiece instruments. The two l is ted  papers in Class 'R' by Pratt 
and Bowsher described an attempt to relate physical characteristics o f 
trombones to subjective assessments o f the quality o f the instruments 
by players. The semantic d if fe ren t ia l technique was found to be feasib le 
fo r the player ratings, and i t  was thought that the envelope of the 
impedance curve might prove to be some guide to the subjective quality 
o f the instrument. The remaining entries in these tables are mainly 
o f  a technical character. The two lis ted  under 'tuba' in Table 4.3.4 
in fact re late  to the cornett and the serpent respectively, and are 
largely  descriptive.
Turning to research on the brass instruments in general, an early 
paper by Long (554701) analysed their performance both qua lita tive ly  and 
quantitatively, and arrived at a number of conclusions relating to the 
ve loc ity  o f sound wave propagation in the be ll and possible sounding 
frequencies. Later work has concentrated to a large extent on the 
concept o f  input impedance, the measurement and calculation of impedance 
curves for  various types of brass instruments, and the relation between 
these curves and their playing characteristics. Quite recently (e .g .
Pyle 718101, Watkinson et al 948201) there has been a revival o f interest 
in the e f fe c t  o f the nature o f the metal surface upon the vibration of 
the a ir  in the tube and the tone produced.
Some problems studied are o f such generality that they apply to a l l
wind instruments, whether f lu te  type, cane reed or l ip  reed. Such entries,
together with some which deal with more than one group o f wind instruments, 
are l is ted  in Table 4.3.6. The survey by Bouasse in 1930 (143001) was 
very valuable, lucid and penetrating, while that o f Kent (477701) was a 
useful, more modern survey and assemblage of papers.
A few publications on the jew 's harp, an instrument o f some acoustical
i f  l i t t l e  musical interest, are lis ted  in Table 4.3.7 for convenience, and 
fo r  lack o f anywhere more log ica l to put them. I t  is  to a certain extent 
actuated by a ir ,  though acoustically consisting of a free reed coupled 
to a cavity resonator.
TABLES 4.3 Classified Analysis o f Entries 
Relating to Cup-Mouthpiece Instruments
Table 4.3.1 Key-word HORN
Class R
Webster 941902 Benade* 097305, 097406
Jansson* 447404
Class A
Oestreicher 686201 Backus 056803 Benade* 096802
Benade 097201
Table 4.3.2 Key-word TROMBONE
Class R
Pratt* 717802, 717901
Table 4.3.3 Key-word TRUMPET
Class T
Hall 365401 Backus* 057101
Class A
Backus* 057002 Backus 057601 Benade* 098002
Table 4.3.4 Key-word TUBA (and including early cup-mouthpiece 
instruments)
Class T
Leguy 517202 Leipp 527202
Table 4.3.5 Key-word BRASS INSTRUMENT or CUP-MOUTHPIECE
(entries not already l is ted ,  i . e .  those with no reference to 
any specific  instrument)
Class R
Long 554701 
Fletcher 297903
Backus 057602 Pratt* 717701 
E l l io t t *  268201 Watkinson* 948204
Class S
Benade 097304 Bowshe.r 148001 Goodwin 348101
Class T
Lieber 546001 
E l l io t t  267902 
Melka* 627901
Smith 877401
Hoza* 407903
Watkinson 948101
Dekan 237901 
Kruger 497901 
Watkinson* 948201
Class A
Long 554801 Leipp 526202 Backus 057501
Benade* 098103 Pyle 718101
Table 4.3.6 Key-word WIND INSTRUMENT (entries not already l is ted ,
i . e .  those which do not re fer spec if ica lly  to woodwind or brass)
Class R
Fletcher 297901
Class S
Bouasse 143001 Benade* 096801 Kent 477701
Class T
Benade 096602, 097101 
Porter 707303 Sirker
Fletcher 297802 Backus
Brindley 157301
867402 Smith* 877601
057802 E l l io t t  267903, 268101
Class A
Backus 057102
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Table 4.3.7 Key-word JEW'S HARP (jaws harp, guimbarde)
( included here because i t  has been treated as an aerophone or wind 
instrument, although not conventionally fa l l in g  into that category. 
Basic key words were free reed, resonator and musical instrument)
Class T
Leipp 526302 Crane 216803 Adkins 007402
4.4 Plucked and Bowed Stringed Instruments Without Keyboards
A survey o f the entries re lating to this group o f instruments 
soon revealed that a d if fe ren t basis o f sub-division would be 
necessary compared with that used hitherto for the wind instruments. 
Using the key-word VIOLIN produced an enormous number o f entries 
on many d ifferen t aspects o f research into this family o f instruments. 
One reason fo r  this is  the tremendous amount o f work which has been 
done. The problem o f the v io l in  has exercised many great minds, and a 
mystique had grown up surrounding the methods o f the master v io l in -  
makers o f Cremona. Also the bowed strings do not divide themselves 
into neat groups l ik e  the wind instruments. They are a l l  o f one 
family, so that the problems of the v io la  and v io loncello  are closely
related to those o f  the v io l in .
Starting with a l l  the entries relating to bowed and 
plucked stringed instruments, therefore, a fter removal of those 
mentioning keyboards or keyboard instruments the f i r s t  c lassification  
which was made was the separation o f  a l l  work on the v io l in  family.
The resulting mass of information was then further subdivided using 
thirteen additional key-words which are l is ted  below. As the numbers
were so great, the descriptors were treated as being dichotomous and
mutually exclusive, although in practice this is  not s t r ic t ly  true.
The ways in which the descriptors were applied are described below; 
the areas o f possible overlap o f  categories are obvious, and i t  should 
not be d i f f i c u l t  to find any required information. Each entry appears 
in one l i s t  only.
The remaining cards were next sorted into those relating to work 
on spec ific  instruments and those of a more general character. The 
instruments mentioned turned out to be the guitar, harp, lute and v io l 
and from these, work on guitar plates and guitar strings was further 
separated. Finally the general entries were broken up into reasonably 
sized groups by selecting those either with one out o f two key-words 
(e .g . ,  bow or hair) or with both of two key-words (e .g . ,  bowed and 
s tr in g ).  By this means, the mass o f information on stringed instru­
ments was reduced to units o f manageable size. A l i s t  o f the chosen 
key-words follows.
Subject Key-Words •
v io lin  Either the word ’ v io l in 1 or some synonym
appeared in the t i t l e  of the contribution, or 
i t  was obvious that the contents related to 
v io l in  family instruments.
bow The words BOW and BOWED were given the same
selector code. The category includes bowed 
instruments without strings, but not the use of 
an archer's bow as a musical instrument.
construction This includes design, dimensions, proportions 
and techniques, but not details o f plates or 
other component parts.
Normally discussed in connection with i t s  use 
in bows, but some papers deal with the properties 
o f hair as a material in i t s  own right.
This key-word has been taken as a synonym for  
innovation and development o f a l l  kinds, not 
only the work o f  Hutchins and her collaborators, 
who use the phrase 'new v i o l i n ' .
A ll components o f the v io l in  or guitar with the 
exception o f the plates and strings. Important 
parts include the bridge, bass bar and soundpost.
The back or belly o f a v io l in  or guitar.
hair
new
parts
plate
resonance
spectrum
string
timbre
varnish
wolf note 
wood
guitar
harp
lute
radiation The sound output o f  an instrument, or the process 
by which the energy leaves the instrument. There 
is some overlap between this category and that 
defined by the key-word SPECTRUM.
One o f the natural modes o f vibration o f part 
or the whole pf an instrument, or the frequency 
associated with such a mode.
The distribution of energy in the acoustic 
radiation from an instrument over the frequency 
range.
A convenient term which naturally includes wire 
and a l l  other materials for making what are 
universally known as 's tr in gs '.
Related to SPECTRUM but implying the e f fe c t  o f 
the harmonic structure of the radiation upon a 
l is ten e rk I t  is  thus a subjective concept.
This description is  self-evident. The possible 
acoustic e f fe c t  o f the varnish used by the great 
Ita l ian  makers has interested workers for many 
years.
A phenomenon peculiar to v io lin  family instruments.
The properties o f wood are discussed sometimes in 
general, and sometimes in relation to the 
requirements o f d ifferent types of musical 
instrument. The categories overlap.
Any plucked string instrument with a f la t  back 
and belly , and fre ts  on the finger-board.
There are many types o f harp, but the meaning o f 
the term is  reasonably clear.
Refers to the early stringed instrument with i ts  
characteristically-shaped body. Care is  sometimes 
necessary to avoid confusion. For example, the 
French word ' lu th ie r ' means a maker o f v io lins .
v io l Early bowed instrument with re la t iv e ly  f la t  
plates, sloping shoulders and fretted  
fingerboard. Again care is  necessary. The 
Americans use the word 'bass v i o l ’ to refer 
to what we ca ll  a double bass.
The l i s t s  o f entries described above have been collected 
together in three Tables which w i l l  be found at the end o f the para­
graph, under the general t i t l e  o f  Tables 4.4. There are three of these, 
as fo llows:-
Table 4.4.1 Violin  family instruments
Table 4.4.2 Bowed and plucked stringed instruments other 
than v io l in  family 
Table 4.4.3 Stringed instrument parts and materials.
Each of these tables has in turn been subdivided : - 
Table 4.4.1
4.4.1 .1 
4.4 .1 .2
4.4.1 .3
4.4.1 .4
4.4.1 .5
4.4.1 .6
4.4.1 .7
4.4.1 .8
4.4.1 .9
4.4.1 .10
4.4.1 .11
4.4.1 .12
4.4.1 .13 
4.4.1.14
Table 4.4.2
4.4.2.1
4.4.2.2
4.4.2.3
4.4.2.4
4.4.2.5
Violin bow 
Violin  construction 
Violin development 
Violin  parts 
Violin  plates 
Violin  radiation 
Violin resonances 
Violin  spectrum 
Violin strings 
V iolin timbre 
Violin varnish 
Wolf note in v io l in  
Violin  wood 
Other work on vio lins
Guitar plates 
Guitar strings
Other work on guitars and harps
Lutes
Viols
Table 4.4.3
4.4.3.1 Bows and bow hair
4.4.3.2 Bowed strings
4.4.3.3 Stringed instruments
4.4.3.4 Strings
4.4.3.5 Wood
Each of the above subdivisions w i l l  now be b r ie f ly  surveyed.
As before, the work o f writers whose contributions are considered 
in more deta il in Chapter 5 w i l l  not be mentioned at this stage.
For convenience, a subtitle  and a reference to the appropriate 
Table is  placed at the head o f each of the survey paragraphs. This 
may assist the reader.
Violin  bow (Table 4 .4 .1 .1 )
Rohloff (786401) tr ied  to discover why some v io lins  were easy 
and some d i f f ic u l t  to make to 'speak' with the bow. He analysed the 
spectra of v io lins , and obtained subjective assessments of their 
response. Coates et al (207501) used an automatic bowing arrangement, 
and Pickering was concerned with the high-frequency end of the output.
Violin  construction (Table 4 .4.1.2)
Otto's book of 1875 (6875x01) threw an interesting l igh t on the 
state of the art at that time. I t  mentioned the work o f Savart (1819) 
and his trapezoidal v io l in .  Leipp's survey (526505) indicated how 
much progress was made in ninety years; not a great deal. Neither 
mentioned plate tap tones, or the a ir  resonance o f the body cavity.
Violin  development (new v io lin s ) (Table 4.4.1.3)
One cannot think o f developments in v io lin  design during the 
last 20 years or so without mentioning the work o f Carleen Hutchins 
and her predecessor Frederick Saunders. Her contribution is  assessed 
more fu l ly  la ter, but there have been others. Caldersmith described 
a design called the Alma (177901, 178001), which was based on 
d ifferen t design c r i te r ia  from those used by Hutchins. Hansson (377201) 
mentioned another experimental type. Larkin (507401) described the 
e f fe c t  of modifications to the sound-post, and Fink (277301) the 
poss ib il ity  of a fibreglass bow-stick. Leipp (527104) discussed 
Savart's v io lin .
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The main ’ parts' o f  the v io l in  which have interested workers 
are the bridge and the soundpost. A l l  the contributions l is ted  
are at a 'technical' le v e l .  Mechanical and e lec tr ica l analyses 
have been tr ied , on the basis that both bridge and soundpost are 
essentia lly  coupling devices. This compares with the empirical 
approach favoured by v io l in  builders (see the Larkin paper in 
4.4.1.3; he investigated the e f fe c t  o f putting 1.6 mm of cork 
beneath the foot o f the soundpost).
Vio l in  plates (back and be lly ) (Table 4.4.1.5)
The study o f v io l in  top and bottom plates in isolation has been 
a feature o f Hutchins' work, but many other workers have made contri­
butions, as a glance at the Table w i l l  show. However, Mrs. Hutchins 
made contributions to many o f the papers indicated by the sign + as 
being o f multiple authorship.
I t  seems now to be generally recognised that the patterns of 
free vibration o f  the plates have considerable influence on the 
performance o f the instrument as a whole. This is  in spite of the 
fact, often adduced by c r i t ic s  o f the method, that building the plates 
into a complete instrument and coupling them together by the soundpost 
must a ffec t  their modes of vibration.
The paper by Saunders (815302) described work carried out in the 
early f i f t i e s  on the e f fe c t  o f thickness variations over the surface 
of the belly o f the v io l in .  That o f McIntyre and Woodhouse (527802) 
demonstrated the extent o f  progress in 25 years. I t  represented part 
o f an e f fo r t  by these workers to use the computational techniques now 
available and predict the vibrational behaviour of anisotropic thin 
plates. Such an approach contrasts with the more empirical methods 
o f Hutchins and co-workers.
Violin  radiation (Table 4 .4.1 .6 )
This section contains papers describing work on the d irec t iv ity  
o f v io lin-type instruments, the coupling between them and the 
surrounding a ir ,  and their power output. There is nothing o f out­
standing fundamental importance, though much of practical value. For
Violin parts (Table 4.4.1.4)
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example, Jurgen Meyer (637201, 637801) pointed out the value o f a 
knowledge o f  the directional characteristics o f the stringed 
instruments in deciding the optimum seating arrangement for an 
orchestra.
Violin resonance(s) (Table 4 .4.1.7)
This group o f papers covers work on the body resonances o f 
completely assembled v io lins  (as opposed to individual plates) as 
well as the a ir cavity resonance. Different methods o f excitation 
o f the resonances and measurement of the response have been used.
Jansson (e .g . 447001) made extensive use of hologram interferometry 
to study complete instruments as well as separate plates. In a 
recent paper Pickering (708102) analysed the spectrDm...of the sound 
produced by tapping the bridge o f a v io l in . He claimed to have 
discovered the optimum amplitudes and frequencies for  the three main 
resonances o f a v io l in ,  and the means o f attaining them.
Violin  spectra (Table 4 .4.1.8 )
Much research on musical instruments consists o f tone analysis 
o f one sort or another. The work in this l i s t  is  mainly concerned 
with the concept o f the long-term-average spectrum (LTAS) developed 
by Jansson in Stockholm. In this method the sound of a single 
instrument, a group o f instruments, or even a whole orchestra playing 
a piece o f music is  analysed to produce an average spectrum showing 
which frequencies are most predominant overa ll. Though fundamentally 
a good idea in that the instrument and performer are operating under 
normal rather than a r t i f i c i a l l y  contrived laboratory conditions, the 
method is d i f f i c u l t  and i t  has fa i led  to produce any very convincing 
results.
Violin strings (Table 4.4.1.9)
This section deals both with the strings themselves and their 
disposition on the instrument. Entries which do not re fer to any 
instrument w i l l  be found in Table 4.4.3. Hancock’ s work (377401, 377501, 
377701) was on the mechanical impedance o f v io lin  strings, and Lawergren 
(507801) investigated the e f fe c t  o f the bowing position. Benade (097702) 
put forward the view o f Leopold Mozart that the tensions of a l l  the
71
strings o f  the v io lin  should be equal. Schumacher (847801) disagreed, 
preferring the wave impedances to be equal, which implied that the 
heavier strings should be under less tension. This was in line with 
the advice of the ear lier  writer Heron-Alien. Arnold and Weinreich 
(038101, 948103) recently investigated string motion in the complete 
v io l in  and i ts  coupling to the ambient a ir.
Violin timbre (Table 4.4.1.10)
'Timbre' is a subjective matter, rather like colour in optics.
Nobody can know for certain whether somebody e lse 's  sensation of 
sound is the same as his own. Thus the recent approach to v io l in  
timbre, as to that of other instruments, has tended to be one o f 
trying to iso late physical characteristics o f the tone and correlate 
them with subjective valuations, e .g . ,  Yankovskii (976601). Fletcher 
et al (296501) used a similar technique, but with synthetic tones. 
Lottermoser (566802) tried to iso late  the characteristics o f the 
tones o f  Cremona vio lins used by distinguished so lo ists , while Meyer 
(638201) claimed recently to have identified  features of the spectra 
o f old Ita l ian  v io lins which are not present in those o f other 
instruments.
Violin varnish (Table 4.4.1.11)
I t  now seems to be recognised by most sc ien t i f ic  workers that the 
secret o f the 'Cremona sound' is not to be found in the varnish, and re­
cent work (Fulton 327401, M Hutchins 417602) was concerned more with 
matching the appearance o f  the old varnishes. This does not prevent 
the occasional a rt ic le  appearing, based on the traditional unfounded 
speculation (e .g . ,  Wilkinson 957501).
Wolf note in the v io lin  family (Table 4.4.1.12)
Recent work tends to confirm that the origin o f the wolf note is 
in a transfer o f  energy backwards and forwards between a string and 
the top plate when the resonant frequencies o f these are too close 
together. Both Firth (287801) and Guth (347801) agreed that the non­
linear nature o f the interaction between bow and string was important 
in exciting the wolf note. Diinnwald (247901) contributed two interesting 
variations on the theme; a mechanical model, and an organ pipe which 
had a wolf note.
Violin  wood (Table 4.4.1.13) (but note that references to wood in
isolation are to be found in Table 4.4.3.5)
Much work has been done on the mechanical properties which render 
woods suitable for v io l in  making. The aim is to make possible the 
production o f acceptable instruments more economically. This is a 
f ie ld  in which Russian workers have shown great interest, for example 
Yankovskii (976701), who discovered that properly seasoned wood has 
less fr ic t ion a l losses. No worker has yet claimed to have found the 
ideal combination o f  physical properties. Another approach, 
exemplified by the work o f Haines (e .g . ,  357401) was to try to develop 
suitable anisotropic synthetic materials.
Violin only, excluding a l l  above categories (Table 4.4.1.14)
By i ts  nature, this group o f contributions is d i f f i c u l t  to summarise. 
I t  includes accounts o f unusual or h istoric instruments such as the 
Norwegian Hardangerfele with i ts  sympathetic strings (687701, 648001), 
Savart's trapezoidal v io l in  (826601), and Dautrich's vilon and vilono 
(326501). Another set o f  papers deal with instrumentation for  v io l in  
testing (Jansson 447303, Menzel* 627002). There is  an important 
group o f survey papers, particularly Lottermoser 567802 and Taylor 
918002. An a r t ic le  by Frush (317301) claimed to have found the 
acoustical principles o f the perfect v io lin . In fact i t  la id down 
certain geometrical c r i te r ia ,  but i t  is not clear what their acoustic 
relevance was, in spite o f a vague reference to 'nodes'. Altogether 
more substantial were the contribution o f Schelleng (836301), which 
arrived at some important and ve r if iab le  conclusions by using c ircu it  
theory, and also that o f  McIntyre and Woodhouse (587402), which pointed 
the way for possible future progress.
Guitar plates (Table 4 .4.2.1 )
The front and back plates o f  guitars, being f l a t  and barred, have 
d ifferent vibration patterns and resonant frequencies from those o f 
v io lins , l is ted  in Table 4.4.1.5. Similar methods have been used, 
including hologram interferometry (Jansson 447101), f in i t e  element 
analysis (Schwab 857602), and synthetic materials (Haines et al 357402).
Two papers only are l is ted ; Allen (017601) dealt with the 
aging o f stee l guitar strings. He said the change of timbre with 
age was due to an increase in losses and a decrease in inharmonicity 
Houtsma discussed the inharmonicity o f wound guitar strings (408201)
Guitar only, excluding above categories, but including harp
(Table 4.4.2.3)
Much of this work, for example that on body and a ir  resonances, 
paralle lled that on v io lin s . That o f Dickens (247802, 248101) used 
equivalent e lec tr ica l  c ircu it  ideas. The paper o f  Johnson et al 
(457801) in fact referred to guitar players, but could well be 
relevant to any instrument in i t s  hardly surprising discovery that 
when a player could not hear himself, he tended to play more loudly. 
The sole l is ted  work on the harp is  that o f  Firth (287609).
Lute (Table 4.4.2.4)
There is no basic subject code for the lute as such; papers 
relating to i t  were extracted using the codes EARLY, PLUCKED-STRING, 
and INSTRUMENT. I t  is  o f interest because o f i ts  r ig id  spheroidal 
back and f le x ib le  be lly . Earlier work (Hellwig 396801, Rottmann 
797301) tended to be on the descriptive side, but Firth (287610, 
287703) reported some experimental work.
Viol (Table 4.4.2.5)
The family o f Viols has attracted l i t t l e  interest among research 
workers. Stetson (887101) and Agren (007202) applied hologram 
interferometry to the study of the v io l ,  and the la t te r  attempted to 
improve the design. Strahle 's paper (897801) described i t s e l f  
(correctly ) as 'a  rambling survey1. That of Nichols (678201) used 
the words ’ bass v i o l ’ , but this is  simply American for double bass. 
I t  does not matter much which instrument was intended, because the 
publication was rea lly  concerned with the e f fec t  on the sound from 
low-frequency stringed instruments o f plane re f lec t ing  surfaces at 
greater distances than a wavelength; say f iv e  metres or so at these 
frequencies.
Guitar strings (Table 4.4.2.2 )
Most of these contributions are technical, re lating to the 
structure o f horsehair (327301, 627902) and the design or making 
o f bows. There is  nothing o f any wider interest. Gentil 's  le t te r  
(335701) was an account o f two musical curiosities; the singing 
saw and the 'Flexatone'. This la t te r  is  a modern American instrument 
whose operation is similar to that o f the saw. They are included 
here because, though not stringed instruments, they are played with a 
bow.
Bowed strings (Table 4 .4.3 .2 )
This section considers the physics o f the bowed string as an 
osc i l la to r  in iso lation , without the resonators to which i t  is 
normally coupled in a complete musical instrument. There are some 
contributions here o f a very fundamental nature, in particular those 
l is ted  under Class R. The work o f Schumacher on Hammerstein's 
integral equation has already been mentioned in connection with organ 
pipes and clarinets. In reference 847905 he showed that i t s  use to 
calculate the ve loc ity  o f the string and the force on the bow at the 
steady state gave results in accordance with experiment. The paper 
of McIntyre et al (588101; correction o f a misprint in 588201) is  also 
important. I t  was concerned with the aperiodicity o f the motion o f 
the bowed string, and with the d i f fe ren t ia l  stick and s lip  mechanism 
already discussed. This work is continuing; i ts  basis and progress 
to date are well summarised in the survey paper 588102. Schelleng's 
a r t ic le  in 'S c ien t i f ic  American’ (837401) was also a useful broad 
review, though lacking in references. Sheppard's survey in 'The Strad' 
(857502) was in comparison superfic ia l and dated.
Stringed instruments (Table 4 .4.3.3)
This l i s t  is a somewhat heterogeneous collection o f contributions 
of a technical character. The paper o f Segerman and Abbott was more 
h istorica l than a survey in the usual sense. I t  was o f interest in 
the l igh t  which i t  cast on the influence o f available string materials 
and techniques on the design and performance o f instruments. There are 
papers here on instrumentation, including the use o f holography in
Bow and/or hair (Table 4.4.3.1)
stringed instrument research (757001, 887002), on d ire c t iv ity  (637203), 
and the e ffec ts  o f humidity (326401) and temperature (847401).
Lawergren's note (508201) referred to musical bows, which are primitive
instruments with one string and a cavity resonator.
String (Table 4.4.3.4) (not including entries already l i s t e d )
This group of entries again is rather heterogeneous, which is to 
be expected since i t  is  the residue l e f t  a fter the two largest coherent 
groups had been extracted. I t  is concerned with vibrating strings 
as such, irrespective o f the means o f excitation; whether bowing,
plucking or even hammering. Kock in 1937 (483701), using the trans­
mission line analogy, showed among other things that the appearance 
of the nth harmonic in the tone o f a string struck at 1/n o f its  
length from one end was explicable. Some papers continue arguments 
which have also been found under other headings; for example K e lly ’ s 
work on temperature e f fe c ts ,  and that o f Segerman and Abbott on the 
history o f strings. This topic was also mentioned by Bonta (137602), 
who pointed out that because of the available string materials the tone 
o f early bass stringed instruments must have been d if feren t from that 
to which we are accustomed. An interesting problem in translation 
appeared in a paper by Firth in Acustica in 1978 (287802). I t  was 
concerned with the fact that certain harp strings with misaligned fibres 
do not give a true note because o f the presence o f second order beats.
The t i t l e  o f the paper was 'False Gut S tr ing ', but the word ' fa ls e '  
which had been used in English to mean the opposite o f 'true ' was 
translated into German as 'kunst' and into French as ' a r t i f i c i e l l e s ' ; 
both implying imitation p lastic strings.
Wood (Table 4.4.3.5) (entries not previously l is t e d )
This residual l i s t  contains work on woods used for  making musical 
instruments, but without mention o f any one in particular. Violins and 
guitars are not the only instruments made o f wood, but i t  is  f e l t  
appropriate to include general wood research here because most work done 
so far has been on wood for plates. The most recent was by Rajcan 
(727901, 728101), who has measured the moisture content, Young's modulus, 
ve loc ity  o f sound, and density fo r  d ifferent types o f spruce. He claimed
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that i t  might be possible to devise physical tests to identify  suitable 
woods. This work may be compared with that o f M.Hutchins (418102), 
which was directed sp ec if ica lly  to wood for v io l in  and v io la  backs. 
Moisture content was not measured, but observations relating to 
internal fr ic t ion a l damping were made. No conclusions were published. 
The papers by Haines and by Fryxell were similar to other work by 
these two authors which has already been mentioned. They are l is ted  
here because no musical instrument was named, though as they were a l l  
published in the Catgut Acoustical Society Newsletter the implication 
was that the wood concerned was intended for v io lins  or other stringed 
instruments.
TABLES 4.4 Classified Analysis o f Entries 
Relating to Plucked and Bowed Stringed Instruments
Tables 4.4.1 Violin Family Instruments
Table 4.4.1.1 Key-words VIOLIN and BOW (see also BOW and/or HAIR 
in Tables 4.4.3)
Class T
Rohloff 786401 Coates* 207501 Pickering 707901
Class A
Townsend 927701
Table 4.4.1.2 Key-words VIOLIN and CONSTRUCTION
Class S
Otto 6875X01 Meinel 616001 Leipp 526505
Meinel 617501
Class T
Itokawa* 435201 Gran 347001 Sutton 907402
Ekwall 257502
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Table 4.4.1.3 Key-words VIOLIN and NEW (development)
Class S
Hutchins 416703 Caldersmith 178101
Class T
Benade+
Fink
Woollen
097001
277301
967401
Leipp
Onischuk
Creitz
527104
687301
227801
Hansson
Larkin
Esty+
Caldersmith 177901, 178001 Bernstein 108101
377201
507401
267802,
Table 4.4.1.4 Key-words VIOLIN and PARTS 
Class T
Schelleng 837101 Reinicke 757303 Hutchins 417403
Firth 287701 Hacklinger 357801 Muller 657902
Hacklinger 358001
Table 4.4.1.5 Key-words VIOLIN and PLATE 
Class R
Saunders 815302 Mclntyre-t- 587802
Class S
Hutchins 418101
Class T
Hutchins+ 416001 
Hutchins 416503 
Ekwall 257201 
Faanhof 277501 
Firth 287603, 
Fe llgett  277703 
Reder 747701 
Yankovskii 978001 
Hutchins 418201
Hutchins 416401 
, 416604, 417001 
Hutchins 417301 
Haines* 357504 
287606 , 287608 
Firth 287702
Stetson 887701 
Bissinger+ 118101 
Pearlstein 698201
Benade 096503
Hutchins* 417102 
Jansson+ 447402 
Bissinger* 117602 
Hutchins 417603 
Hutchins 417703 
Bissinger* 117801 
Ekwall 258101
267901
Class A
Haines* 357503 Bissinger* 117601 Hutchins 417601
Mclntyre+ 587602 Hutchins 418104 Pickering 708101
Table 4.4.1.6 Key-words VIOLIN and RADIATION
Class T
Hegeman* 386501 Nagai 667303 Beldie 087402
Harajda 377901 Meyer* 638101
Class A
Schelleng 836601 Weinreich 948202
Table 4.4.1.7 Key-words VIOLIN and RESONANCE 
Class T
Kurz 495302 Pasqualini 695301, 695401
Jansson* 447001 Jansson 447201, 447302, 447304
Beldie 087501 G orr i l l  347501 Hutchins 417604
Meyer 637901 Hutchins 418001 Moral* 658003
Class A
Jansson 447604 Pickering 708102, 708202
Table 4.4.1.8 Key-words VIOLIN and SPECTRUM
Class R
Gabrielsson 337901
Class T
Beauchamp 087401 Moral* 657901
Class A
Jansson 447602
Table 4.4.1.9 Key-words VIOLIN and STRING (see also STRING in
Table 4.4.3)
Class R
Raman 731802, 732007 Kohut* 487101
Class S .
Hutchins 417701
Class T
Hancock 377401, 377501 , 377701 Benade 097702
Lawergren 507801 Schumacher 847801 Hacklinger 357901
Class A
Kohut+ 487001 Arnold* 038101 Weinreich* 948103
/ '
Table 4.4.1.10 Key-words VIOLIN and TIMBREL
Class S
Boomsliter* 137201
Class T
Leipp 525201 Fletcher* 296501 Yankovskii 976601
Lottermoser 566802 Meyer 637501, 637502
Parsons 697701 Chafe 197802 Meyer 638201
Watson 948203
Table 4.4.1.11 Key-words VIOLIN and VARNISH
Class T
Schelleng 836501, 836701, 836702, 836801
Fulton 327401 Wilkinson 9.57501 Fe llge tt  277701
Class A
Hutchins 417602
Table 4.4.1.12 Key-words VIOLIN and WOLF NOTE
Class R
Raman 731602 Firth 287401, 287801
Class T
White
Benade
951501 Schelleng 836704 Firth* 287301
097501 Guth 347801 Dunnwald 247901
Class A
Firth 287201 Stetson 887602
Table 4.4.1.13 Key-words VIOLIN and WOOD (see also WOOD in 
Table 4.4.3)
Class T
Rohloff 784001 
Yankovskii 976701 
Hutchins 417802
Abbott* 004101
Schelleng 837003 
Dekan 237902
Schelleng 836401 
Tove* 927401
Haines 357902,
Class A
358002
Haines 357401 Tove* 927602 Hutchins M 418102
Hutchins C 418103
Table 4.4.1.14 Key-word VIOLIN (and not any of the other key-words 
l is ted  above)
Class R
Saunders 814601 Schelleng 836301 McIntyre* 587402
Class S
Lottermoser 564802 Hutchins 416201 Cremer 227101
Hutchins 417501, 417605, 417702 Benade 097704
Lottermoser 567802 Gough 347902 Taylor 918002
Class T
Abbott 003601 Saunders 814002 Hancock 376401
Fryxell 326501 Savart 826601 Menzel* 627002
Hutchins 417101 Frush 317301 Gratovich 347303
Hutchins 417302 Jansson 447303 Knatt 487401
Hodges 407501 Ormestad 687701 Michaelsen 648001
Class A
Hutchins 417002 Kohut* 488101
Tables 4.4.2 Bowed and Plucked Stringed Instruments other 
than the V io lin  Family
Table 4.4.2.1 Key-words GUITAR and PLATE
Class T
Jansson
Schwab*
447101
857601
Schwab
Kruger
857501
497902
Firth 287601, 287607
Class A
Haines* 357402
Table 4.4.2.2 Key-words GUITAR and STRING
Class T
Allen 017601
Class A
Houtsma 408201
Table 4.4.2.3 Key-word GUITAR or HARP (and not PLATE or STRING)
Class T
Knatt 487401 Meyer 637402, 637403
Haltiwanger* 367501 Firth 287609 Caldersmith 177701 
Dickens 247802 Johnson* 457801 Dickens 248101
Class A
Haines* 357603 Richardson 767701
Table 4.4.2.4 Key-word LUTE 
Class T
Hellwig 396801 Rottman 797301 Firth 287610, 287703
Class A
Houtsma* 407502
Table 4.4.2.5 Key-word VIOL
Class S
Strahle 897801
Class T
Stetson 887101 Agren 007202 Nichols 678201
Tables 4.4.3 Stringed Instrument Parts and Materials
Tables 4.4.3.1 Key-words BOW or HAIR
Class T
Gentil
Fryxell
Menzel*
335701
327301
627902
Kimball 476401 Reder 747001
Robertson 777501 Schumacher 847501
Table 4.4.3.2 Key-words BOWED and STRING
Class R
Schelleng 837301 
Schumacher 847905
Cremer 227401 McIntyre* 587701 
McIntyre* 588101, 588201
Class S
Hutchins* 417303 Schelleng 837401 Sheppard 857502 
McIntyre* 588102
Class T
Schelling 836902, 837002 
Schumacher 847302, 847403
Cremer
Cremer
227202
227901
Class A_
Schelleng 837001 Schumacher* 847402
Table 4.4.3.3 Key-words STRING and INSTRUMENT
Class S
Segerman* 857801
Class T
Leipp* 525901
Stetson 887002 
Cox 218001
Lawergren 508201
Fryxell 326401 Reinicke* 757001
Meyer 637202, 637203 Schiller
Guth 348002 Gough 348103
Class A
847401
Stetson 887003 Houtsma 407503
Table 4.4.3.4 Key-word STRING (and not any other key-word
previously l i s t e d )
Class R
Kock 483701 Lieber 547501
Class S
Helm 396701 Fletcher 297603 Segerman* 857602
Class T
Kelly 467501 Bonta 137602 Firth 287802
Class A
Benade 097602 Fletcher 297602 Bacon 067702
Kelly 467901
Table 4.4.3.5 Key-word WOOD (entries not l is ted  in Table 4.4.1.13) 
Class T
Skudrzyk 865401 Fryxell 326502 Ghelmeziu* 337202 
Haines 357403, 357502 Rajcan 727901, 728101
Fryxell 328101
Class A
Jansson 447603
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Contributions to the l ite ra tu re  relating to stringed instruments 
with keyboards can be divided conveniently into two parts; those 
dealing with the pianoforte and the rest. The piano literature was 
extracted using the selectcr codes STRING and STRUCK, and is  l is ted  in 
Table 4.5.1. The rest o f the cards a l l  carried the code KEYBOARD, and 
they were further divided using the key-word PLUCKED. This selected 
the papers dealing with the harpsichord and its  relations, and these 
are lis ted  in Table 4.5.2. Those which remained a fter  this operation 
had just the code KEYBOARD in common, and formed a small but varied 
group. They are l is ted  in Table 4.5.3.
Turning to the l i s t  in Table 4.5.1, the outstanding recent contri­
butions to piano lite ra tu re  are those o f Weinreich (947702) and Hundley, 
Benioff and Martin (407801), which focused on the problem of the decay 
o f piano tone a fter the string was struck. The former concentrated on 
the e f fe c t  o f  multiple stringing, and the degree to which the strings 
for a given note were in tune with each other. The work was summarised 
at a s l igh t ly  more popular le ve l in Weinreich’ s a r t ic le  in Sc ien tif ic  
American (947901), which has also been placed in Class R because i t  
dealt with recent research. Miessner investigated the e f fec t  o f the 
sounding board in a piano (646101), and the transfer o f energy from the 
strings to i t .  Weyer (947603, 947604) studied the variation with time 
of the amplitudes o f the d if fe ren t frequency components o f piano (and 
harpsichord) sounds a fte r  the string was l e f t  free. The spectra, since 
they are in a sense three-dimensional, are complicated and their analysis 
is d i f f ic u l t .  L i t t l e  de fin ite  progress has been made in this direction.. 
Bacon and Bowsher (067801) presented a mathematical model o f the struck 
string.
The harpsichord lite ra tu re  is  a l l  at a descriptive and technical 
le v e l ,  the most substantial contribution being Fletcher's paper in 
Acustica (297702). (Table 4 .5.2 ).
Finally, the general keyboard entries in Table 4.5.3 are extremely 
varied. They include two on the clavichord. Hands (376701) was largely  
descriptive, and Thwaites (918101) was concerned with the interaction 
o f the resonances o f  the soundboard and the a ir  cavity. This is
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reminiscent o f the trend o f recent v io lin  work. S tr ic t ly  speaking, 
the strings o f  a clavichord are struck, but i t  seems inappropriate 
to c lass ify  i t  with the piano, since their actions are so d ifferent. 
The clavichord cards do in fact carry the additional key-word EARLY.
Lieber and Nosek discussed piano details; the former (546702) 
discussing the measurement o f  the torque on the tuning pins, and 
the la t te r  (677904) the f e l t  fo r  the hammers.
Recently Weinreich (948102) presented a computer model which, 
starting from f i r s t  principles, synthesised the build-up and decay 
characteristics o f a struck piano string including the e f fe c t  of 
coupled pairs o f strings. Most strings in the modern pianoforte are, 
o f course, t r ip le ,  but no doubt the method is capable o f extension 
to incorporate this added complication in due course.
TABLES 4.5 C lassified  Analysis o f Entries Relating to Keyboard
Instruments
Table 4.5.1 Key-words STRING and STRUCK 
Class R
Weinreich 947702, 947901 Hundley* 407801
Class S
Kent 477701
Class T
M iller  644901 Miessner 646101 Lieber 546601 
Weyer 947603, 947604 Bacon* 067801
Galemvo 337903
Table 4.5.2 Key-words KEYBOARD and PLUCKED
Class T
Kaufmann 467101 Leipp 527102 Fletcher 297702
Spencer 878101
Class A
Fletcher 297605
Table 4.5.3 Key-word KEYBOARD (and not previously l is t e d )
Class T
Hands 376701 Lieber 546702 Oledzki* 687801
Nosek 677904 Thwaites 918101
Class A
Bodley 137601 Weinreich 948102
At every stage, as this analysis has proceeded, i t  has been 
necessary to include separate l i s t s  to cover instruments or topics 
which, although relevant, were not contained within any o f the 
previously-defined categories. Now, at the end o f the analysis, 
there is  l e f t  a group o f entries which refer to the acoustics of 
musical instruments in general rather than to those o f any one
instrument or class o f instruments. Naturally such publications
have tended to be classed as surveys (Class S) because this is exactly 
their aim; to survey the f i e ld .  Therefore, to assist users of the 
present work, this class has been further broken down into f iv e  
d ifferen t ' l e v e l s ’ , according to the readership at which the publication 
appears to be aimed. The use o f  the word ’ l e v e l ’ in connection with
these target groups is  not intended in any pejorative sense, nor does
i t  imply any value judgment.
Level W ( fo r  ’ worker’ ) indicates that the publication seems to 
be intended for s c ien t i f ic  research workers in the f ie ld  of 
musical acoustics.
Level M ( fo r  ’ musician’ ) shows that i t  is  aimed at practising 
musicians, or at those >whose knowledge, experience and interests 
l i e  more on the musical side.
Level LMfor ’ un iversity ’ or ’ undergraduate’ ) is  fa i r ly  s e l f -  
explanatory. I t  consists o f works such as textbooks which 
usually state in their prefaces that they were written with a 
particular course in mind. Such courses, however, may well 
d i f fe r  widely in their entry qualifications and their aims.
Level E( fo r  ’ education’ ) .  These are school-level publications, 
which appeared in journals catering for science teachers.
Level P ( fo r  ’ popular’ ) means that the publication is  suitable 
for a wide non-specialist readership, which does not imply 
an uneducated one.
The l i s t s ,  under the above headings, appear in Table 4.6. The surveys 
o f current research aimed at contemporary workers (Level W) include f iv e  
publications, spanning the two decades from 1954 to 1974. That o f Young, 
in 1962, (986201) was the most general; Leipp and Castellengo (526805, 
187102) referred mainly to work in France, and Firth (287404) exclusively 
to that in Britain.
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Of those in the ’ Level MT l i s t ,  the paper by von Hornbostel 
and Sachs (406101) was rea lly  published in 1914. An English translation 
appeared in the Galpin Society Journal in 1961. I t  proposed a very 
detailed c lass if ica tion  system for musical instruments, which was found 
useful when planning the subdivision o f  the data store in the present 
study. The book by Meyer (637201) was a valuable survey o f the impli­
cations for the practical musician o f progress in acoustics. I ts  
subsequent translation into English by Bowsher and Westphal (637801) 
made i t  available to a wider audience. Particular features o f this work 
were the data i t  gave on the directional characteristics o f orchestral 
instruments, and the implications o f this for the design of concert 
halls and the seating arrangements o f the musicians.
The Level U texts, having been written fo r  particular groups o f 
students, are very diverse. They also re f le c t  the personal predilections 
o f their authors to a greater or less extent. The recent textbook of 
D.E.Hall (368001), however, was c learly  written and free from idiosyn­
crasies .
Two art ic les  are l is ted  under the Level E (education) heading.
Both appeared in Physics Education, and the aim in each case was to 
encourage work on musical instrument acoustics in school physics. The 
1981 paper by Hoon and Tanner (408101) provided a good survey o f the 
f ie ld  at a suitable le ve l  fo r  a sixth-form readership, even though i t  
did perpetuate the myth about the influence o f  wall material on the tone 
o f  organ pipes.
The classical popular (Level P) works in this f i e ld  are those of 
S ir James Jeans in 1937 and Alexander Wood in 1944. A new edition of 
the la tte r ,  revised and brought up to date by J.M. Bowsher, was published 
in 1974 (964401). Although i t  was published in a series o f college texts, 
the book by Josephs (456701) was mainly intended as background reading, 
and could be read by any in te l l ig en t  person with l i t t l e  prior knowledge 
o f the subject. I t  is  becoming somewhat dated now. The best recent 
survey at a popular leve l was that o f  C.A.Taylor in Contemporary Physics 
in 1979 (917903). He concluded that work in the f i e ld  in the near future 
might well be largely concerned with psychoacoustics, and with the 
adaptation o f modern materials to use in musical instruments. Both these 
trends have also been noted in the course of the present work.
TABLE 4.6 Classified Analysis o f  Entries Relating to Musical
Acoustics in General  
Key-words MUSICAL ( INSTRUMENT)and ACOUSTICS
Class S
Level W
Richardson 765401 Young 986201 Leipp 526805
Castellengo 187102 Firth 287404
Level M
Hall* 365701 von Hornbostel* 406101 Winckel 956701 
Meyer 637201, 637801
Level U
Backus 056901, 057001
Rossing 797501 Benade 
Hall 368001
Roederer 787301 
097603 Rigden 777701
Level E
Firth 287403 Hoon+ 408101
Level P
Wood 964401 Lloyd
Josephs 456701 Taylor
555501 . Jeans 
917601, 917903
455301
Class A
Schaumacher 847602
5. SIGNIFICANT CONTRIBUTORS TO THE FIELD
5.1. Basis o f Selection
I t  became obvious at an early stage that, in order to give more 
detailed consideration to certain authors, some sort o f selection 
procedure would have to be devised. The f i r s t  criterion  adopted was 
the number of publications. Using the punched cards, a l i s t  was 
drawn up o f a l l  writers whose names appeared four or more times in the 
f i l e .  The choice o f the number four was part practical, part arbitrary. 
Many authors have published two or three papers; in some cases these 
may be essentia lly  the same material in d ifferent forms. For example, 
a presentation may have been made at a conference, a thesis presented 
to a University, and a paper submitted to a journal. This might well 
result in three entries in the f i l e .
On the other hand, i t  would have been undesirable entire ly  to have 
l e f t  out o f consideration workers whose whole output amounted to perhaps 
only six or eight papers o f high quality. The figure o f four seemed 
a reasonable compromise, and i t s  selection was ju s t i f ied  in the event by 
the fact that the l i s t  prepared on this basis amounted to 60 names.
This l i s t  is  presented as Table 5.1.1. Of these, i t  was found that 
22 had published nothing since 1971, and they were l e f t  out o f further 
consideration, because the aim was to present a picture o f recent work 
in the f ie ld .
The cr iter ion  was next raised to a minimum of seven publications, 
either alone or as first-named author. This produced a l i s t  o f 14 
writers, and their work was divided into the classes R, S, T and A 
as defined above (para. 1.9). This is  Table 5.1.2. The fina l 
selection was then made from this l i s t  on a combined quantity and quality 
basis. I t  is  not possible to state any objective c r i te r ia  fo r  the
selection. ' Some writers, i t  was f e l t ,  had to be included in any survey
such as this because o f the sheer volume of their output, whereas
others ju s t i f ied  inclusion on the basis of a much smaller number of
publications i f  these were f e l t  to be fundamental importance. Every 
one o f the f iv e  workers whose output is  to be discussed in the chapter 
has made a s ign ificant contribution to our understanding o f this area 
o f knowledge. Other,', writers also have done valuable work; this
selection is  a matter o f subjective comparison and judgment.
Workers whose contributions were predominantly at a spec if ic  rather 
than a general leve l,  or who adopted a limited approach, tended to 
be passed over in favour o f those with wider interests.
I t  should be borne in mind that i t  is  a lim itation o f  the 
system adopted that i t  does not cater for the poss ib il ity  o f an 
individual being named as a second or la ter author of a publication. 
Thus the l i s t s  which follow are in some cases incomplete. These 
deficiencies could, as has been pointed out, be remedied la ter i f  
resources were available.
When the f iv e  writers to be considered had been selected, a l l  the 
entries relating to their contributions were extracted from the f i l e s .  
For this purpose the entire f i l e  was used; not only the entries 
marked 'seen' and c lass if ied , but the unclassified ones, and even 
those o f  marginal relevance to the present study. This was done in 
order to give as fu l l  a picture as possible of the work o f the 
selected authors.
Then, again using the needles, these entries were put into chrono­
log ica l order and c lass if ied  into classes R, S, T and A as before, 
plus Class U ('unseen') which also included the publications of 
doubtful relevance. Each of these l is t s  is presented, as a Table, 
with the paragraph devoted to that author and sim ilarly numbered.
For the sake o f  brevity, ser ia l numbers only are given here, and 
since the f i r s t  two d ig its  o f this are the same for  any one author 
( fo r  example, a l l  Coltman's entries have seria l numbers beginning with 
20), these two d ig its  are omitted from the l is t s .  The information 
given is su ffic ien t to enable the fu l l  reference for the entry to be 
found in Appendix D.
When references had been extracted to a l l  the work o f an 
author which i t  was possible to find, the volume and scope o f 
his/her contribution could be assessed. In the paragraphs which 
follow, the major publications o f each worker are summarised, and 
a personal value judgment offered.
This is  bound to be a subjective one, for obvious reasons.
I t  is possible to make a more objective comparison of the publications 
o f  the various writers by noting the numbers o f the contributions o f 
the d ifferen t classes to be found in the relevant Tables.
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Authors with Four or More Entries up to 1977 (N = 60) 
( ) - publication ceased before 1971
Table 5.1.1
Agren, C.H. 1967 - 1973 (Irons, E.J. 1927 - 1930)
(Anderson, A.B.C. 1952 - 1955) Jansson, E.V. 1966 - 1977
Ando, Y 1968 - 1974 (Jones, A.T. 1937 - 1949)
(Backhaus, H 1927 - 1940) Jovic ic , J. 1967 - 1975
Backus, J 1960 - 1976 Kent, E.L. 1955 - 1977
Beldie, I .P . 1968 - 1975 Leipp, E. 1952 - 1974
Benade, A.H. 1959 - 1976 Lieber, E. 1960 - 1975
(Bladier, B. 1954 -- 1964) Lottermoser, W. 1936 - 1976
(Bouasse, H. 1926 - 1948) Luce, D.A. 1963 - 1975
(Bouhuys, A. 1964 - 1969) Martin, D.W. 1944 - 1971
Brindley, G. 1968 - 1973 Mathews, M.V. 1961 - 1973
Brocher, E. 1969 - 1975 Meinel, H. 1937 - 1975
(Brown, G,B. 1935 - 1938) (Mercer, D.M.A. 1949 - 1965)
Castellengo, M. 1966 - 1974 Meyer, J. 1960 - 1976
(Clark, M. 1959 - 1965) Nederveen, C.J. 1964 - 1973
Coltman, J.W. 1966 - 1976 (Powell, A. 1953 - 1965)
(Condax, L.M. 1964 - 1969) (Raman, C.V. 1909 - 1927)
Cremer, L. 1948 - 1974 (Richardson, E.G. 1926 - 1955)
Ekwall, A. 1970 - 1975 (Risset, J.C. 1965 - 1969)
Elder, S.A. 1963 - 1973 Rohloff, E. 1940 - 1974
Firth, TIM. 1972 - 1977 (Saunders, F.A. 1937 - 1962)
(Fletcher, H. 1934 - 1967) Schelleng, J.C, 1963 - 1974
Fletcher, N.H. 1974 - 1977 Schumacher, R.T. 1973 - 1976
Fransson, F. 1968 - 1975 Sirker, U. 1968 - 1974
Fryxell, R. 1964 - 1973 Skudrzyk, E. 1954 - 1971
(Ghosh, R.N. 1926 - 1948) Stetson, K.A. 1968 - 1976
Haines, D.W. 1974 - 1976 Sundberg, J 1964 - 1977
(Hall, J.C. 1954 - 1963) (Trendelenburg, F. 1935 - 1961)
Hutchins, C.M. 1962 - 1976 (Young, F.J. 1958 - 1966)
( Tngard, U. 1950 - 1967) (Young, R.W. 1934 - 1967)
Table 5.1.2
Major Contributors - 'seen* Publications only
R S T A Total
Backus 6 3 6 20 35
Backus et al 1 - 1 1 3
Benade 1 3 6 5 1 5
Benade et al 2 - 2 7 1 1
Coltman 3 1 6 0 10
Firth 2 2 13 1 18
Fletcher, W.H. 7 2 3  2 14
Fletcher et al 1 1 2  4-
Jansson 1 - 5 3 9
Jansson et al 3 - 2  5
Hutchins - 7 15 6 28
Hutchins et al 1 2 3
McIntyre et al 5 1 - 1 7
Leipp - 2 5 1 8
Leipp et al 1 2 3
Lottermoser - 2 3 5
Lottermoser et al - - 2 2
Meyer - 2 8 10
Nederveen 1 1 3  5
Nederveen et al 1 - 1  2
Schelleng 2 1 10 2 15
Schumacher 5 - 4 2 1 1
5.2 The Work of J.G.Backus on Woodwind Instruments and Organ Pipes
John Backus works as a physicist at the University o f  Southern 
California, Los Angeles, and has established a musical acoustics 
laboratory there. He is  a bassoon player. A glance at Table 5.2, at 
the end o f this paragraph, w i l l  show that he has a large number of 
publications to his name. The following survey is  based on a selection 
o f  these. Throughout, the works o f Backus w i l l  be referred to by 
four-d ig it  ser ia l numbers, the prefixed author code 05 being omitted.
His early work was surveyed generally in 6303, which concentrated 
on the clarinet and its  reed. An expression was obtained for  the 
threshold blowing pressure which showed i t  to be proportional to the 
reed s t if fness , to increase with the reed aperture, and to depend 
’ somewhat’ on the quality factor Q o f the c larinet. Damping o f the 
reed by the player’ s lower l ip  was found to be an essential factor 
in c larinet tone, because the natural frequency o f the reed is very 
high; over 10 kHz. This damping gave the player some scope for 
fine tuning.
Another experiment compared the motion o f the reed with the pressure 
in the mouthpiece. At low volume leve ls , the reed was found never to 
close completely, and the trace of the pressure was roughly sinusoidal. 
When louder tones were produced, the reed aperture was closed for 
about half the cycle, and the pressure approximated to a square wave. 
The quality o f tone, however, did not seem to depend on complete 
closure.
Studies o f the clarinet spectrum showed marked changes with the 
power output, from a simple wave form at soft tones to a complex one 
for  loud sounds. Harmonic analysis showed that i t  was d i f f i c u l t  
to generalise about the structure o f 'c lar inet tone', because i t  varied 
so markedly with the power.
Another aspect o f the work concentrated on clarinet reeds. The 
e la s t ic i ty  (Young's modulus} and the density of the material were found 
to be important, but to be very variable in natural reed. A fter a 
harmonic analysis o f the tones produced by d ifferen t reeds, including 
synthetic ones, i t  was conjectured that the basic characteristic o f the
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tone l ie s  in a linear relationship between the amplitudes o f the odd 
harmonics up to the ninth, which was provided by most reeds tested. 
Higher harmonics were thought to be responsible for the quality o f 
the tone; reeds d iffered  in this region, s t i f f e r  ones being lacking 
in the higher harmonics. These analyses were made on the internal 
standing wave when the instrument was being played mezzoforte.
Further details o f  this work can be found in 6101, 6201, 6301.
With T.C. Hundley, Backus investigated wall vibrations in organ 
pipes (6601). They surveyed the l itera tu re , and noted opinions for 
and against the view that the timbre depends on the wall material, 
but l i t t l e  hard evidence that i t  does. Next they studied, both in 
theory and in practice, the production o f wall vibrations, the sound
radiated by them, and their e f fe c t  on the internal standing wave. In
theory, making certain reasonable assumptions, they showed that 
yield ing walls would produce a frequency sh ift  d irectly  related to 
the acoustic power radiated by the walls. I t  followed that i f  no
frequency sh ift  larger than one cent could be detected, any sound
radiation from the walls must be at least 60 dB below that from the 
open end of the pipe, and therefore neg lig ib le .
Calculations o f the l ik e ly  amplitudes of wall vibrations produced 
by the internal alternating pressure in both square and circular 
section pipes showed that they would normally be neg lig ib le . The 
changes in frequency noted ip other works could well have been caused 
by changes in dimensions, e .g . ,  f lex ing  o f the walls o f square pipes 
when water jackets were f i l l e d ,  or lack o f roundness in circular ones.
Wall vibrations which had been observed were found to be due to 
forces exerted on the l ip  o f  the pipe by the vibrating airstream; 
they could be matched by vibrating the l ip  electromagnetically in the 
absence o f  an airstream. They were shown to produce neglig ib le  
sound pressure leve ls  compared with those from the vibrating a ir  column, 
and they were found not to have any e f fe c t  on the internal standing 
wave.
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The authors suggested that a simple test could be tried in any 
case where i t  was thought that wall vibrations o f an organ pipe 
might have any e f fe c t  on the tone. The pipe should be grasped . 
firmly by the hand while sounding, to damp out any such vibrations.
A check involving beat frequencies would provide a very sensitive 
indication of whether this produced any change in the harmonic 
structure.
I t  was concluded that wall vibrations normally have a neglig ib le 
influence on timbre. This was determined by the geometry, small 
changes in which could have large e f fe c ts .  Wall vibration might, 
in fact, be undesirable. This was not to say that there might not 
be a psychological e f fe c t ,  in that expensive materials might be f e l t  
to give better quality, or that surface roughness and porosity might 
not play a part.
There is presumably more o f  Hundley than o f Backus in their jo in t 
paper o f 1971 (7101), since i t  was based on the former's Ph.D. thesis. 
The hypothesis was that the characteristic waveforms o f the trumpet 
are generated by the variation with time o f the impedance formed by 
the lips , and its  relation to the input impedance o f the instrument.
In addition, two other possible mechanisms were investigated.
The f i r s t  o f these was the nonsinusoidal motion o f the player's 
l ips . To investigate this, a trumpet was sounded using a mechanical 
valve instead o f a human player. The ' l ip s '  o f this were driven so 
that they opened and closed with s.h.m. I t  was found that, even so, 
the observed wave forms o f the pressure in the mouthpiece and at the 
output could be made identical to those of a normally-blown trumpet, so 
obviously this e f fe c t  was not o f primary importance.
Next, i t  was thought that the a ir  column i t s e l f  might well behave in 
a non-linear manner at high sound pressures. This hypothesis was 
investigated in four d ifferen t ways, and i t  was shown that the e f fe c t  
of distortion due to overload was insignificant.
Finally, the variation o f the l ip  s l i t  impedance was studied. I t  
was found to depend c r i t i c a l ly  upon the width of the l ip  opening, being 
greater than the input impedance o f the trumpet over a small part o f
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the cycle, but less over the greater part. This led to volume current 
waveforms tending towards the square, with sharp negative peaks.
Thus there was considerable harmonic content, and this was the origin 
of the generation o f harmonics in the trumpet.
In his contribution ser ia l number 7502, Backus described a convenient 
and useful type o f acoustic impedance, consisting o f an annular 
capillary. I t  was shown theoretica lly  and practica lly  that the 
magnitude o f i t s  impedance remained reasonably constant up to 
about 2.5kHz. I t  was thus useful fo r  measuring the impedance curves 
o f musical wind instruments. Advantages over the more usual type o f 
acoustic impedance consisting o f a bundle o f capillary tubes were that 
i t  was less susceptible to blocking by dust, and more easily cleaned.
Backus next applied the instrumentation developed for his previous 
work to the problem of the brass instruments. He described (7602) 
equipment designed to plot impedance curves quickly and quantitatively.
A constant acoustic current was fed into the mouthpiece through an 
acoustic impedance, and a microphone also connected to the mouthpiece 
gave a response proportional to the input impedance o f the instrument. 
The resonances of a pipe closed at one end and open at the other 
normally form a series o f  odd harmonics, as we have seen. I t  was found 
that in the trumpet these were moved into the musically more useful 
2, 3, 4 series by the e f fec ts  f i r s t l y  o f the mouthpiece/leader pipe 
combination, and secondly o f the fla r ing  be ll.
Various problems o f brass instruments were studied, including 
the e ffec ts  o f valves in the trumpet, hand stopping in horns, mutes, 
and the variation in diameter in the s lide o f the trombone. Impedance 
patterns were presented and discussed, but no general conclusions were 
drawn.
In 1978, Backus commented (7802) on the tendency o f writers in the 
f i e ld  to publish resonance curves which implied that damping, while 
lowering the response near a resonance peak, actually raised i t  further 
away. He pointed out that the simple equation for a tuned c ircu it ,
1
implied that increasing the damping (and hence R) would always 
decrease the value of I regardless of frequency. Mentioning in 
particular Benade (095901, 096002), Rigden (777701) and Savage 
(827701), he suggested that it was not desirable to perpetuate 
erroneous concepts in student texts. The simple theoretical 
argument was supported by examples of measured impedance curves for 
actual instruments.
In addition to the publications outlined above, Backus has 
contributed one or more papers at conferences practically every year 
more than 20 in all. Although he has concentrated most of his 
attention on the calculation and determination of the impedances of 
reed woodwind and brass instruments, he has also written an under­
graduate text, survey papers, and contributions on other aspects of 
musical acoustics as well.
TABLE 5.2. Classified List of the Works of J.G.Backus 
(Author code 05 must be prefixed to the following four-digit serial 
numbers when referring to Appendix D. Publications marked with an 
asterisk - * - are of multiple authorship)
Class R
6304, 6401, 6601,* 6701, 6801, 7403, 7502, 7602
Class S
6303, 6901, 7001
Class T
6101, 6201, 6301, 6402, 7101,* 7701, 7802 
Class A
6001, 6102, 6103, 6202, 6302, 6501, 6502, 6602, 6603,
6803, 7002,* 7102, 7201, 7401, 7402, 7501, 7503, 7601,
7702, 7803, 8001, 8101
Class U
6802, 7404, 7801.
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Arthur Benade lives in Cleveland, Ohio, U.S.A., and works at the
Case Western Reserve University - formerly the Case Institute of 
Technology. He has been a full-time lecturer and research worker 
in the field of musical acoustics for over twenty years. He plays 
the clarinet. A glance at Table 5.3 will show that his output, both
alone and in collaboration, has been considerable. Hardly a year
has passed since 1959 without a publication of some sort, "it is 
necessary, therefore, to base this review on a sample.
His paper serial number 5901 (author code 09 being understood) was 
about criteria for the behaviour of useful reed woodwind instrument 
bores. The bore of the .instrument was considered apart from the reed, 
which was at this stage treated as a closed end, which was permissible 
within limits. Any useful bore must preserve a constant frequency 
ratio between the first and second normal modes for different fingerings. 
The Bessel horns were considered. In these, the cross-sectional area 
at a distance x from the vertex varies as xn where n is some positive 
exponent. These were the only bores which satisfied the musical 
requirement. The only ones which gave integral ratios between the 
frequencies of their normal modes were those for which n = 0, 2 or 7, 
in other words a cylinder, a cone, or a very rapidly-flaring horn.
The last of these was impractical musically, and the other two 
represented the clarinet and the oboe types of instrument respectively.
The theoretical effects of slight deviations from exact cylindrical 
or conical bores, of side holes, and of the mouthpiece cavity were 
considered. The damping of the normal modes affected their band width 
and hence the timbre. Wall and radiation losses were considered 
in theory, and it was suggested that the dominance of the former 
might affect the timbre of higher modes, the choice of scale in instru­
ments of different sizes, and the influence of wall material on tone.
On this latter topic, Benade noted the remarks of other writers, but 
suggested that woodwind instruments might, on-the basis of his calcula­
tions, be expected to be more sensitive to differences in material than 
the organ pipes upon which much of the previously reported work had been 
performed. This study dealt with a woodwind instrument with some side
5.3 The Work of A.H. Benade on Wind Instruments
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holes closed and the rest, below a certain point, open - that is, 
without any forked fingering. It was assumed for the time being that 
such a tube would behave as if it were cut off near the highest open 
hole.
Another study (6003) concentrated on the effect of the open side 
holes. In this work the pipe was still treated as a resonant system 
on its own, neglecting any interaction with the driving mechanism.
The approach was largely theoretical, based on transmission-line 
theory. It was shown that a real instrument with side holes of varying 
diameter and spacing could legitimately be treated as if the holes were 
of uniform diameter and equally spaced. Thus the part of the tube with 
closed side holes could be treated as a smooth-walled bore of slightly 
different diameter, in which waves propagated at a slightly different 
velocity.
Expressions were given for the effective cross-sectional area of a 
pipe with closed side holes, for the velocity of sound in this section, 
and for the length correction necessary to allow for the effects of the 
side holes. An approximate theory for the open-hole section was 
developed, bearing in mind that open holes after the first two or three 
made little observable difference to the frequency or timbre.
The radiation properties of the open holes were examined in a 
few cases, and the function of the bell speculated upon. The existence 
of the closed and the open holes was felt to be fundamental to the 
characteristic timbre of the instrument, and it was even suggested 
that it might be advantageous for a series of dummy closed holes to 
be continued right up to the mouthpiece, and a similar set of open holes 
right down to the foot, above and below those actually used for playing 
the notes. Nobody seems to have taken up this suggestion; Benade 
himself acknowledged that makers and players were very conservative.
Also in 1960, Benade published, in ’Scientific American’, a popular 
review paper on the physics of woodwind instruments (6001). After a 
useful survey of earlier work, it relied heavily on the above two works. 
He also gave a simplified version of the rationale of his approach to 
the treatment of side holes, explaining that while Richardson's work
of around 1930 (e.g.,Richardson 765302) applied electrical circuit 
analogue techniques to the effect of a single side hole, it was 
difficult to apply it to a practical instrument with many holes.
Benade suggested that transmission line theory might help; regularly 
spaced holes could be treated as regularly spaced loads on a line. 
Treating a clarinet this way, and assuming all the open holes to be 
of equal diameter and spacing to the top two, he was able to predict 
the resonant frequencies from measurements of the holes. He suggested 
that the closed-hole section of the tube acted as a low-pass and the 
open-hole section as a high-pass filter. The addition of a bell at 
the bottom end of the tube was an attempt to simulate a row of open 
holes below the bottom one.
A brief letter to JASA in 1966 (6602) made the point that the tone 
generation in wind instruments could not be calculated using passive- 
filter theory, nor analysed using linear superposition. This seemed 
to be a change of view from his 1960 idea that the oscillating and 
resonating systems could be considered separately.
In a paper written jointly with D.J. Gans of the University of 
Illinois (6801), a theory of oscillation generation in wind instru­
ments was developed. For pressure-controlled reeds, a general equation 
was obtained which was applied first to the linear case and then to 
the simplest non-linear case; that in which the airflow through the 
reed depended in part upon the square of the internal pressure in the 
mouthpiece. The linear case was found to lead to conclusions which 
were not consistent with observations.
A quadratic pressure-controlled reed was shown to lead to (1) a 
definite sound spectrum controlled by the air column impedance and 
the reed response, and (2) oscillation being favoured at frequencies 
for which the impedance was large either at the fundamental or at 
some harmonic. Similar considerations were shown to apply to flute- 
type instruments with velocity-controlled 'reeds’, if flow were 
substituted for pressure and admittance for impedance.
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To support the theory, it was used to design a clarinet type
instrument to be incapable of sounding. Called a 'tacet horn1, it
had a bore such that the radius varied as the square root of the 
distance from the apex (the Bessel horn of n = 1 in ref. 5901 above). 
This was coupled to a clarinet-type mouthpiece. Such a 'horn1 
should have had natural stopped pipe frequencies without integral 
relationships between them. Thus, if the system were non-linear, 
the conditions for oscillation would be unfavourable at the normal­
mode frequencies, since the impedance would be small at harmonics 
of the playing frequency. If it were linear, oscillation should 
have taken place at the resonant frequencies and no others. The 
instrument proved to be virtually unplayable which confirmed the 
non-linear hypothesis.
It was important for the impedance of instruments to be high both 
at the playing frequency and at its harmonics. Examples were the 
'privileged notes1 and the pedal notes of brass instruments and the 
register key in woodwinds. An account of energy losses in wind 
instruments led to the statement of a criterion for the upper-
frequency limit of playability.
In 1973, Benade wrote an article for 'Scientific American1 on 
the physics of brass instruments (7304), in particular, the trumpet 
and trombone. He traced the history of 'Webster's horn equation' 
from the 1760's to its republication in 1919 by A.G.Webster, but 
did not quote the equation as such. The 'horn function' U was 
introduced as a measure of the flare, and the 'acoustic wavelength' 
at any point was given as
c
c
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which was compared with the expression for 'the de Broglie wavelength 
of a particle in Schrodinger's quantum mechanics;
It was not clear why this parallel was drawn in this article, though 
in another place (7406), he made the point that the considerable 
understanding of the latter equation which had already been achieved 
assisted the study of the former. The matter will be returned to later, 
but in the context of the article under discussion, its relevance 
was not obvious. The analogy did not help to explain to a general 
readership the point the author was making, which was, in essence, 
that regions of high flare presented a high barrier to sounds of low 
frequency. Higher frequencies could penetrate further before being 
reflected back, and the highest of all were simply radiated over 
the top of the barrier.
The work of Benade and Jansson on the impedance curves and resonant 
frequencies of brass instruments was described. Instrumentation 
developed initially by Kent, by Merhaut, and by Coltman was adapted 
for the measurement of impedance curves.
Turning to the 19th-century ideas of Weber and Helmholtz, Benade 
summarised them as being basically linear, assuming all the energy 
production to be at the fundamental frequency of oscillation. This 
had been seen by Bouasse as early as 1929 to be inadequate (Bouasse 
142901, 143001). He described Worman’s work on non-linear oscillations 
in clarinets (Worman 967101), which analysed the relation between the 
reed-valve generating mechanism and the set of resonances of the air 
column. It showed that the preferred frequency of oscillation was one 
which maximised the total energy generated, distributed over all the 
frequency components. This also explained the relation between volume 
and timbre.
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Benade then touched briefly on the relation between the internal 
and external spectra of wind instruments, on which he published a 
number of contributions under the general heading of ’transformation 
function'. Basically the relation had the nature of a treble boost, 
higher frequencies tending to be preferentially radiated.
The article closed with a few notes on the implications of all this 
work for instrument makers and players. Among topics briefly discussed 
were the function of the hand in the bell of the French horn, the 
significance of the popping frequency of brass mouthpieces, and the 
possibility of improving the intonation of brass instruments. He 
emphasised the importance of involving players and makers in research.
In conjunction with E.V.Jansson of KTH Stockholm, Benade wrote two 
papers on the propagation of waves in horns (097406 and 447404), the 
first theoretical and the second experimental. The method combined 
simplication of the basic equation with the use of iterative procedures. 
Plane waves in a cylinder were considered, and spherical waves in a 
cone, as a basis for the study of waves in a flaring horn. Two 'orders' 
of waves were defined; s-waves having no nodes between axis and wall, 
and p-waves having one such node. A nomenclature was proposed for 
further such orders, but they were not considered.
The wave equation for axially-symmetric waves of s-type in a flaring 
horn, giving the pressure p in terms of the axial distance z of the 
centre of the wavefront and the time t, was derived in the form
b ~z S c/z I C
where ^ = local gas density
B = bulk modulus, and
S = area of cross-section, 
all three of these being functions of z. ^ and B were related by 
the equation
= c (the phase velocity of sound in the gas, itself a 
function of z)
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Considering ^ and B constant, to concentrate attention on the effect 
of S, the equation became
i __ bZ p i I d S b p
<? b P b V  s y  a-*
This was 'commonly known as Webster's horn equation’. A reduced 
form of it was derived using the substitution'
t
which had the effect of removing most the variation due to the changes 
in p as a direct consequence of the spreading of the energy over a 
larger area. For a sine wave of angular frequency O J  , the resulting 
equation was & + Y - Y  =o
where k -co/c (free space wave number), and U(z), the horn function, 
defined the shape of the horn. It was defined in terras of r(z), where
2
j \ r  = S , as z
u  =  1 i r
r  d -z.
The similarity of the above equation in \ p and z to the one-dimensional 
Schrodinger equation of quantum mechanics was remarked on.
It was shown that, for a horn of small angle, U approximated to
the product of the curvature 1/R in the plane normal to the horn axis
2 2
(transverse curvature) and the curvature d R/dx in a plane containing 
the horn axis (longitudinal curvature). U was thus a measure of the 
'rate of flare* of the horn. This meant that a horn acted as a 
high-pass structure; a large value of U implying a high cut-off 
frequency.
It is obvious from the foregoing, which presents only a sample of 
his work, that Benade has made a great contribution to the literature 
of musical acoustics. He is, in fact, one of the few workers who are 
able to devote all their time to this field. As has been seen, much 
of his work is analytical, dealing with the components of musical 
systems in isolation; the reed, the tube with side-holes, the bell.
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A large proportion of his publications {22 out of 58, or 38%) has 
been written in collaboration with other authors. In these cases, 
Benade has tended to be the theoretical and his collaborator the 
experimental physicist. Out of the 58 publications, 33 or 57% are 
abstracts of papers read at conferences. A very important part of 
his work has been the publicisation and popularisation of the subject, 
by general review papers, articles in popular scientific and musical 
magazines, and textbooks which are nearly as accessible to the 
average educated reader as they are to the students for whom they 
were primarily intended.
TABLE 5.3 Classified List of the Works of A.H.Benade 
(Author code 09 must be prefixed to the following four-digit serial 
numbers when referring to Appendix D. Publications marked with an 
asterisk - * - are of multiple authorship).
Class R
5901, 6003, 6803, 7305,* 7406,* (With Jansson 447404*)
Class S
0001, 6001, 6801, 7304, 7603, 7704.
Class T
6501,* 6503, 6602, 7001,* 7101, 7501, 7702, 7703 
Class A
6702,* 6802,* 7201, 7403,* 7404, 7602, 8002,* 8003 
8101, 8102,* 8103*
Class U
6002, 6201,* 6301, 6502, 6601, 6701, 6703, 6704,*
6901, 7002, 7102,* 7202,* 7301, 7302, 7303, 7401,*
7402,* 7405, 7407, 7601, 7701,* 7901,* 7902, 8001,
8004,* 8104,* 8201.*
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John W. Coltman lives in Pittsburgh, Pennsylvania, in the U.S.A.
He works’at the Westinghouse Research Laboratories, but his work in 
musical acoustics is carried out privately. He is, as noted previously, 
a flautist. His author code is 20, and these two digits should be 
prefixed to all four-digit serial numbers quoted in the paragraph, 
before looking up the complete references in Appendix D.
In his first paper (6601), Coltman set out to measure the frequencies 
sounded by the flute in normal playing, and compare them with the 
passive resonance frequencies of the instrument. The previous year, 
Benade and French had published their analysis of the physics of the 
flute head joint (096501), and Coltman took their paper as his starting 
point.
The passive resonance frequencies were measured with high precision 
(0.1 Hz). The flute was mounted in a box with absorbent lining, and 
a loudspeaker to excite the resonances. The head joint of the instrument 
protruded from the box, and a microphone was fitted in place of the cork, 
to measure the acoustic pressure. The mouth hole could be partly 
covered by a sliding plate to simulate the lips of a player.
The blown frequencies were given as the mean of ten determinations, 
with an indication of the standard error. Only one instrument was
used, and one player; the author himself. Corrections were made for 
temperature, humidity and carbon dioxide content, to make the blown 
figures comparable with the passive ones.
It was found that the passive resonance frequencies deviated from 
the equal temperament scale based on A = 440 Hz, being about 40 cents 
flat at the bottom and 50 cents sharp at the top of the range. The 
blown frequencies deviated less, going from about 20 cents flat to 
20 cents sharp.
5.4 The Work of J.W. Coltman on the Flute and Organ Pipes
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Coltman found that variations in blowing pressure could alter 
the sounding frequency from 70 cents below to 35 cents above the 
passive resonance. This is not negligible when it is borne in mind 
that 100 cents is a semitone, but in spite of this there is no 
tendency to play sharp or flat. He showed that the player had 
two means of controlling the pitch and loudness of a note for a 
given fingering; he could vary the jet-to-edge distance and also 
the amount of coverage of the embouchure hole. This latter had 
a flattening effect. The tapered head joint produced an irregular 
•octave stretch’ of around 17 cents (the discrepancy between a note 
and its,nominal octave using the same fingering in the second register), 
which to some extent compensated for this. These stretched octaves 
were found to agree roughly with those predicted by Benade and French.
The experimental work in this study must have been difficult to plan 
and to report, because so many parameters were varied and so many 
variables measured.
In his next publication (6801), Coltman turned his attention 
to the sounding mechanism of the flute and the organ pipe; in other 
words the way in which the energy is transferred from the d.c. air 
stream to the a.c. oscillations in the pipe. To do this, he disconnected 
the 'feedback loop’ in the head joint and measured the embouchure 
impedance by generating oscillations inside the tube.
A flute head joint was coupled to a tube containing a heavy piston 
driven by a loudspeaker motor. The acoustic current and pressure near 
this piston were measured, and hence the impedance found. An acoustic 
resistor, as nearly as possible non-inductive, mounted near the micro­
phone, served to damp the resonator so that it did not provide enough 
feedback to oscillate when blown.
The jet impedance, plotted on the complex plane as a function of 
blowing pressure, spiralled outward until it ended at high pressure 
with the onset of turbulence. A negative real component implied 
the possibility of oscillation; the imaginary component might be 
either capacitive or inductive.
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Measurements of the velocity of propagation of a phase disturbance 
on the jet and the acoustical pressure generated by the jet agreed 
with theoretical predictions. The power conversion efficiency was 
shown to be low; a generating efficiency of 2.4% combined with a 
proportion radiated of 3.3% to give an overall efficiency of 0.08% 
at A = 440, though this rose with frequency.
Coltman concluded that the observations were consistent with 
his theory that the momentum of the airstream was converted to an 
alternating acoustic pressure whose phase depended on (1} the lip-to- 
edge distance, and (2) the velocity, of transverse waves on the jet, 
which was about 0.4 of the initial jet velocity. The magnitude of 
this pressure was proportional to (3) the blowing pressure and (4) 
the area of the lip aperture. To maintain the necessary phase 
relation, the player increased (3) and decreased (1) as the frequency 
rose. He could control the amplitude independently by varying (4).
The octave jump was controlled by choosing appropriate values of (1) 
and (3). Thus the concept of momentum transfer provided a better 
theoretical basis for understanding the mechanism than the current 
injection model of Cremer and Ising (226701), which involved air 
being entrained by the jet current in just the right way to give the 
observed result.
This paper, though both theoretically and experimentally involved, 
with several experiments described, was nevertheless clearly written 
and fulfilled its stated aim of formulating a simple quantitative theory 
of the behaviour of the driving oscillator of the flute and organ pipe. 
It was emphasised that harmonic generation had been ignored. Although 
this is inherent in the non-linear nature of the system, it is probably 
fairly negligible in the case of the flute. It would need to be 
considered if the timbre of the sound produced was of interest, 
particularly where flue organ pipes are concerned.
The article in Physics Today (6802) contained essentially the same 
material as 6601 and 6801, written at a slightly more popular level.
It was less detailed but more descriptive, and well illustrated.
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In a short paper (6901), Coltman took up the question of the 
radiation of sound from the mouth of a flue organ pipe, and in 
particular the contribution to it of the alternate outward puffs of 
the blowing jet. Using a double-ended organ pipe, blown at one end 
only, and investigating the directional radiation pattern in an anechoic 
chamber, he showed that the jet current produced negligible radiated 
sound. In fact there was sometimes less radiation from the blown 
end than from the other. Thus the view stated by Coltman in his 
1968 paper was upheld.
In experiments using players and listeners (7101), he was unable 
to show that the material or thickness of the flute body made any 
difference to its tone. Silver, copper and wooden tubes were tried, 
using identical plastic heads and an ingenious arrangement to prevent 
the performer knowing which he was playing. Coltman points out that 
there might well be other reasons for preferring one material to another, 
for example thermal capacity. It might also be added that the head 
joint material could well have more influence than that of the body, 
but that this would have been very difficult to test without giving 
any cue to the player.
Another paper (7301) investigated the suggestion that the sounding 
frequencies of the flute might be affected by the cavity resonance in 
the player's mouth. Bak (069901) had failed to find any significant 
effect in the recorder, but Benade and French (096501) predicted a 
substantial one in the flute. Coltman constructed an apparatus for 
blowing a flute which included an artificial mouth cavity of variable 
volume. It was found that mouth resonance did indeed occur at around 
1000Hz, When the flute was being blown, this would cause frequency 
perturbations of only 10 cents or so, over a range of an octave or 
more. Such small effects would be unlikely to be noticed in practice, 
because they would be masked by other irregularities.
Two papers were published in 1976. One (7601) was fairly slight 
and intended for an audience of musicians. The other (7602) set out 
to describe the mechanisms involved in simple jet-edge generators and 
in organ pipes. The interrelation between these was investigated 
theoretically and practically. Observed frequencies for a low-Q 
organ pipe coincided with predicted ones with only slight discrepancies.
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Coltman's next contribution (7701) was a rather specialised 
one. He discussed the problem of the intonation and timbre of the 
note C sharp on the Boehm flute, and indicated two possible ways of 
improving it. The approach was empirical.
In his next paper (7901), he dealt with the acoustics of the 
body section of the Boehm flute, following the treatment of Richardson 
(762901) and Nederveen (666901), in which the air column was regarded 
as a transmission line, and the finger holes as shunt admittances.
After a detailed analysis, he concluded that Richardson’s successive 
impedance concept could be applied to the flute, and that the calcula­
tions revealed the causes of variable intonation and response, 
especially in the third register.
The question of momentum transfer was raised again in 8101, and 
here he seemed to retreat somewhat from his earlier position and admit 
that there might be some validity in the volume insertion concept of 
Cremer and Ising (226701). He devised an experiment to measure the 
relative importance of the two mechanisms using the fact that momentum 
is a vector and volume a scalar. Momentum effects were found to be 
present, but not large, and not in accordance with the earlier simple 
theory.
Throughout the period covered (1966 to 1981), Coltman made 
significant contributions to the literature at all levels. His 
activities were sometimes instigated by what he saw as inaccuracies, 
inconsistencies or errors on the part of other workers. He used electri­
cal analogies such as the transmission line and circuit theory, but 
did not allow them to obscure the fact that the phenomena which he was 
investigating were acoustical. His papers were written so that it is 
possible to find out what the aim was, and to what extent it was 
achieved. This is by no means always the case with scientific writing.
It is interesting to compare the work of Coltman with that of Fletcher, 
which is covered in paragraph 5.5.
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Table 5.4 Classified List of Works of J.W. Coltman
(All the following serial numbers should be prefixed by the digits
20 when referring to Appendix D)
Class R
6601, 6801, 7602.
Class S
6802.
Class T
6901, 7101, 7301, 7701, 7901, 8101.
Class U
7201, 7601 .
5.5 The Work of N.H. Fletcher
Neville Fletcher is Professor of Physics at the University of 
New England, Armidale, New South Wales, Australia. His interests in 
acoustics are very wide; he has published papers on organ pipes, flutes, 
reed and brass instruments, wind instruments in general, and the 
harpsichord. It was impossible to single out any one aspect of his 
work for the heading of this paragraph. One joint publication (7802) 
even described the mechanisms of sound production and detection in an 
Australian insect, the bladder cicada. The author code allocated to 
Fletcher is 29, and these two digits should be added in front of all 
four-digit serial numbers quoted in this paragraph. - .
Prof. Fletcher is a flautist, and in 7401 he gave a comprehensive 
review of contemporary ideas on the acoustics of the flute, and their 
implications for the player. It was written in such a way that 
players and teachers of the instrument could read and benefit from it.
He pointed out how the flautist could control the volume, pitch, timbre 
and octave of a note by varying his breath pressure, the jet length 
and the area of lip opening. These adjustments were almost automatic 
for a skilled player, but Fletcher was able to show the physical 
reasons for the practices adopted.
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Measurements and observations on players showed considerable 
agreement among them. The width of their lip opening never exceeded 
that of the embouchure hole (about 14 mm), and its height was never 
more than 1.3 mm. Larger lip openings than these would have increased 
wind noise without producing a louder tone. He discussed the effect 
of shortening the jet length when playing higher notes, so that the 
breath pressure would not need to be increased so much that the note 
became too loud. Methods of varying the timbre by altering the jet 
shape were detailed.
Vibrato was touched on briefly, analyses indicating that it 
mainly affected the higher harmonics, and could thus be considered 
as a timbre rather than a pitch or loudness vibrato. Its frequency 
was about 5 Hz.
7403 was a largely theoretical paper, which developed the ideas 
of Coltman (206601, 206801.) and Benade (096602, 097101) into a 
quantitative formulation of the non-linear interaction between the 
jet-edge system and the pipe resonator in an organ flue or a flute.
He made some simplications and assumptions and arrived at a preliminary 
theory. The calculations led to the following conclusions:-
1. For a note well above the sounding threshold, the 
amplitude of the fundamental was controlled by the 
thickness W of the jet, at a critical value of which 
the pipe ceased to speak.
2. The amplitude of the second harmonic decreased with 
increased W, but increased rapidly with blowing 
pressure P until overblowing set in.
3. In this simplified model, the amplitude of the second 
harmonic depended on jet asymmetry.
4. At constant P, the sounding frequency decreased as the 
cut-up (jet length) increased.
5. The frequency was controlled by P. At overblowing it 
did not quite double, in spite of the fact that the 
second pipe resonance was at more than twice the 
frequency of the first.
All these were in qualitative agreement with the experience of 
organ pipe voicers and the subjective analysis of flute players.
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A more quantitative version of 7401 was provided in 7501, which 
investigated in some detail the actual techniques used by flute players. 
Four players were used, and the results differed from those of Bouhuys 
(146501) and Coltman (206601, 206801), who studied only one player each.
For example, Fletcher found the median blowing pressure in millibars 
to increase linearly with frequency in hertz according to the relation
p = 0.008 f
with 50% deviation between players. It can be calculated that this 
would mean a pressure of 2.1 mb at the note C4 (see 3.6.1 for note on 
this notation), 8.35 at C6, and 14.1 at A6, whereas Bouhuys quoted 7-5 
to 13 mb at C4 and 27 to 40 at A6, and Coltman gave (converting his 
inches of water to millibars) 1,0 at C4 to 8.9 at C6. Fletcher doubted 
whether the low notes could be produced with such high pressures as 
those of Bouhuys. These had been measured with a balloon in the mouth, 
whereas Fletcher used a 1 mm catheter tube connected to an aneroid 
gauge. Coltman did not say how his mouth pressure measurements were made 
but they agreed with the figures he gave for a mechanically blown flute 
where the pressure measured was that in the air reservoir. Fletcher 
noted that some players did not reduce the pressure much to play 
pianissimo; they presumably reduced lip area instead, which gave them 
a ’brighter’ tone.
Fletcher's observations on lip configuration agreed fairly well 
with those of Coltman, but his attempt at quantifying the relationship 
between jet length and frequency was not convincing.
After a theoretical discussion based upon his own observations, 
Coltman's papers and Bernoulli's principle, Fletcher considered that 
his theory was consistent if it were assumed that the jet had a 'dead 
length' of 1.8 mm, and a factor of 0.4 were included to .allow for the 
slowing down of the jet. He conceded that other solutions were 
possible, and that players used a wide range of pressure and techniques. 
He gave harmonic analyses of three different notes, blown forte and 
piano, for each of his four players. Marked differences were noticeable. 
An estimate of the likely theoretical frequency of a diaphragm vibrato 
agreed well with the observed value of about 5 Hz already quoted.
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Fletcher 7604 was a theoretical study of attack transients in 
organ pipes. The aim was to lay the foundations for a general 
discussion, to identify significant variables, and to calculate 
illustrative examples. It was assumed that the pipe was a nearly 
linear system with an infinite series of normal modes in approximately 
harmonic relationship, damped by viscosity, radiation and thermal 
conduction. The jet system was assumed to produce a driving force 
related to the velocity at the pipe mouth by a power series, allowing 
for the time needed for a displacement to travel across the mouth of 
the pipe. This time might depend on frequency, and there might also 
be a further phase shift.
Approximate solutions to the resulting set of equations were 
computed assuming that there was little change of wave form from one 
cycle to the next. Expressions for the first three modes of an open 
pipe were obtained, with the jet characteristic expanded up to cubic 
terms.
A set of curves was computed, assuming values of jet and pipe 
parameters, for three types of pressure transient, termed plosive, 
abrupt, and slow, and for various input pressures from 2 to 10 mb.
These showed the acoustic velocity amplitudes and the frequencies 
of the first three modes, as a function of time. They were in 
agreement with experiment. The pressure transient was shown to play 
an important role in determining pipe speech. Features of the ’chiff' 
with plosive or abrupt attack were the dominance of the second mode 
during the initial phase, and the lack of harmonic relationships and 
rapid shifting in phase of all modes during the transient.
The problem of the scaling rules for organ flue pipes was examined 
in 7701 . A scaling rule is a formula giving the relation between diameter 
and length for pipes of different pitches. If the pipes were all of 
the same diameter, the range of a rank would be restricted to about two 
octaves. At one time the rule was ’doubling on the octave’, that is 
making the diameter D inversely proportional to the frequency f:-
D = D (f /fJ o o 1
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This made the bass pipes too wide, and therefore 'dull', and the 
treble too narrow and 'stringy*. These terms were not defined in 
this paper, but it was assumed that they referred to a deficiency 
and an excess of higher harmonics. This was made clear in 8301 (see 
below). It was found that recent (the last 300 years or so) organ 
building practice indicated the implied use of an empirical scaling 
parameter x defined by
D = D (f / f j x o o 1
with a value for x of about 0.75.
Fletcher hypothesised that an ideal scaling should equalise the 
anharmonicities and the quality factors Q of corresponding resonances 
in different pipes. He showed that this would lead to a value for x 
of 0.83. However, due to the characteristics of the human ear, such 
a rank would be too loud in the bass. After discussing the effects of 
scaling on the harmonic structure and initial transients of the pipes, 
Fletcher concluded that the appropriate value for the scaling parameter 
would seem to lie somewhere between the above values.
In 7702, Fletcher turned to a completely different instrument, 
the harpsichord. He pointed out that, from the point of view of 
theoretical analysis, free strings are more easily accessible than 
bowed ones. The harpsichord was particularly suitable for an initial 
study because it had only one string per note, and these were plucked 
in a standard way.
Starting from the basic concept of a plucked string coupled to a 
soundboard, he developed a theoretical analysis considering the 
radiated energy, spectrum, and decay time in relation to the length 
and gauge of the string, together with the properties of the soundboard. 
Expressions were derived for the mode frequencies of the strings, 
taking into account the anharmonicity due to stiffness, and for their 
decay times. The soundboard was considered as a coupled system con­
sisting of• panels of different sizes, and often an air cavity with a 
Helmholtz resonance below 100 Hz. The separate resonances of the various 
panels, being heavily damped, gave the instrument a more or less even 
response over its range, together with a second set of decay constants. 
These could be combined with those of the strings to give an overall 
time constant for the instrument.
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On design criteria, it was shown that the panels of the sound­
board should decrease in area by a constant factor, and cover the 
whole frequency range. The smaller panels could be made thinner to 
obtain high enough resonances, and if the ribs were not taken right 
to the edge it was possible for the board to vibrate as a whole to 
provide a low frequency resonance. Ultimately the bass response of 
the instrument was limited by the size of the soundboard. For a 
smooth response over the range from a board with five or six panels, 
the Q's of their individual resonances should not be greater than 3.
From energy considerations, Fletcher showed that the string 
radius r should vary with the fundamental frequency f^  according 
to a scaling rule of the form
with x positive, giving thicker strings in the bass. (Incidentally, 
it is assumed that a proportionality must have been intended here 
rather than the stated equality, if only on dimensional grounds.
But there are other points where it appeared that Fletcher was not 
unduly concerned with the dimensional consistency of his equations.)
Taking the plucking force as constant, to give equal touch to 
the player, and considering the possible energy loss mechanisms and 
desirable decay times, he recommended that x should vary from about 
0.16 at the top to 0.5 in the middle of the range, approaching 1
in the bass. This meant that the decay times also would vary, being
- 1 -1proportional to f 2 at the top end, but nearer f in the bass, where
x exceeded 0.5.
As the characteristic quality of sound was determined by the 
partials in the range 300 - 3000 Hz, the lower notes ought to have more 
harmonic development. This could be achieved by arranging for the 
string to be plucked at a distance X along its total length L given by
= a f^, where y was positive.
The constant a determined the timbre, and the ratio also affected
the energy given to the string, in view of the fact that the plucking 
force must be nearly constant. An average value for y of about \ was 
found to be reasonable. Taking into account the variation of decay time,
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this led to little theoretical variation of effective loudness over 
the entire range of the instrument.
The scaling and proportions of a modern harpsichord were 
found to be in general agreement with the above rules, and its musical 
properties were close to those predicted by the theory.
Turning to a more general problem relating to musical instruments 
as a whole, Fletcher considered mode locking (7801). An instrument 
consisted of a nearly linear resonant system coupled by a regenerative 
feedback loop to a nonlinear source. The natural modes of any real 
system could never be in an exact !harmonic relationship because of such 
considerations as end corrections and string stiffness. Normally, 
though, overtones were observed to be accurately harmonic, and locked 
to the fundamental in frequency and phase. This was the phenomenon for 
which an explanation was sought.
A set of equations was set up assuming the resonator modes to be 
linear, with all the non-linearity in the driving mechanism. They were 
general, including velocity-controlled generators such as bowed strings 
and jet-edge systems as well as pressure-controlled ones such as reeds. 
The approach was similar to, but more generalised than, that used in 
7604 and 7607.
A condition was derived for mode locking, and it was shown to 
imply that mode locking could occur provided that
1 . the relationship between the modes involved could be 
expressed in small integers,
2. the natural and sounding frequencies of the modes were 
nearly harmonically related,-
3. the coupling between the driving force and the modes 
was large,
4. the driving force was highly non-linear, and
5. the mode amplitudes were large.
Conversely, the conditions were also stated for multiphonic effects 
to be obtained, with non-harmonically related tone components. For 
example in organ pipes it was possible under some conditions for
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modes 2 and 3 to lock together, but not with Mode 1, giving a tone 
with an unpleasartt beating effect. One wonders whether this could 
have any relation to Diinnwald's (247901) wolfing organ pipe.
Another paper of a general character was 7903, which set out 
to analyse the action of reed wind instruments, including the brass, 
with emphasis on the role of the reed. It attempted to develop a 
general theory of reed action and to investigate its practical impli­
cations. A distinction was drawn between ’inward striking' reeds, as 
in the woodwind and organ pipes, and 'outward striking ' ones as in 
the brass instruments. Impedance curves for reed generators were 
calculated, and the factors controlling sounding were identified.
The point was made that in order for the instrument to sound the 
acoustic admittance of the reed as seen from inside the mouthpiece must 
have a negative real component of higher magnitude than the (positive) 
real part of the pipe admittance.
It was shown that this implied a minimum blowing pressure for both 
inward and outward striking reeds, and that the former had a maximum 
pressure as well. Expressions were given for these pressures. An 
inward striking reed operated at a frequency below the reed resonance 
and below, but close to, an impedance maximum for the pipe. On the 
other hand, in the brass the 'reed' operated at a frequency above, 
and close to, its resonance and above, and close to, an impedance 
maximum.
The non-linearity of the excitation mechanism determined the 
amplitude and power of the oscillation. At high excitation levels, 
such that the reed either closed or became dissipative for part of 
the cycle, non-linearity played a dominant role in the determination 
of the internal pressure waveforms. These were decided partly by the 
reed and the horn, but they were also partly under the control of the 
player. The relevance of these ideas to individual instruments was 
discussed.
Finally, to bring consideration of Fletcher's contribution up 
to date, an article written jointly with Suszanne Thwaites (8301)
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described the present state of understanding of the working of 
organ pipes which, as they said, was in places contrary to the 
explanations still to be found in textbooks. Their treatment was 
at a popular level, though rigorous as far as it went. It did not 
include consideration of the starting transient, which was covered in 
7604.
They noted that the pressure at the foot of a pipe was typically 
of the order of 500 - 1 000 pascal. (Apparently S.I. units had 
reached Australia by this time; in 7604 millibars had been used.
However, units were referred to only once more in the article; this 
was in the scale of a graph, which was marked in centimetres of water 
gauge).
Much earlier work on jets had been concerned with laminar jets, 
for example the photographic studies of waves on jets by Burniston 
Brown. Such experiments had contributed to the confused ideas still 
prevalent. It was more fruitful to study turbulent jets, because 
turbulence simplified jet behaviour. A turbulent jet was stable and 
reproducible, and practical organ builders ensured that the jets in 
their flue pipes were turbulent by nicking the languids. As such a 
jet proceeded it broadened and slowed down in a simple way, mixing 
gradually with the surrounding air. If the jet velocity were plotted 
against the distance from the axis a bell-shaped curve would be 
obtained, the width of the jet increasing linearly with distance.
Momentum was conserved, so the velocity must decrease as the square 
root of the distance. (Presumably they meant that the mass of the 
jet increased by entrainment of previously stationary air).
A more fruitful method of study than Brown's had been the generation 
of a sound field outside the pipe, as suggested by Coltman (206801). It 
had been found that Rayleigh's treatment of ideal laminar jets could 
readily be adapted to real turbulent jets. A wave motion was shown 
theoretically and found experimentally to be propagated along a jet 
at a little under half the jet speed, and to increase exponentially 
in amplitude. The attenuation of such a wave depended on its frequency; 
only long waves could be propagated for any distance along a long jet.
As it approached the upper lip, the acoustic waves from the 
sound field caused the jet to ’flick1 in and out of the pipe, and 
the question arose as to the correct phase relationship between 
the pipe oscillations and the jet pulses for sustained generation.
The classical views of Helmholtz and Rayleigh were diametrically 
opposed, the idea of the former being that the volume of flow contri­
buted by the jet was the dominant factor, so that it would be best 
if the jet pulses entered the pipe when the acoustic pressure inside 
the upper lip was at its maximum.
The opinion held by Rayleigh, on the other hand, was that there 
could be little acoustic pressure just inside the tube mouth, so 
that maximum energy transfer should be obtained if the jet entered the 
pipe when the acoustic flow was at its maximum. As Fletcher and Thwaites 
put it; is it best to push a swing when it has its maximum potential 
(Helmholtz) or kinetic energy (Rayleigh)? Recent work by Cremer and 
Ising (226701), Elder (267302), Coltman (206801), and by Fletcher 
and Thwaites themselves (7607, 8001, 918003, 918201) had shown that 
Helmholtz and Rayleigh were both partly right. The balance depended 
on blowing pressure and frequency, the Helmholtz mechanism being 
dominant at lower pressures and higher frequencies, and the Rayleigh 
at higher pressures and lower frequencies. In the organ pipe the 
Helmholtz was usually the more important.
Experiments to measure jet admittances were described, and spiral 
diagrams similar to those produced by Coltman for the flute presented. 
Harmonic generation and mode locking were also treated in a descriptive 
manner, with a diagram showing theoretical harmonic content as a 
function of jet offset.
Energy losses from pipes, and their implications for scale and 
timbre, were discussed. The viscous and heat conduction losses were 
more important for narrow than for wide pipes, and greater at low 
frequencies than high. Thus very narrow pipes had many high harmonics, 
weak lower ones and a thin, 'stringy' sound. Radiation losses, on 
the other hand, were more noticeable for wide pipes and high frequencies. 
Excessively wide pipes therefore gave mainly the fundamental and one 
or two low harmonics, and had a dull, ’fluty’ sound. The scaling of
principal or diapason pipes came somewhere between these two extremes.
An abbreviated version of the treatment of the scale factor already- 
described in 7701 was given, quoting once again the optimum value 
of 0.75.
It is evident from the foregoing that the influence of Fletcher 
and his co-workers during the last nine years has been great. He 
has had the time and resources to conduct a variety of enquiries, both 
theoretical and practical, into a number of problems in different areas 
of musical acoustics, some of them specific but others of great general­
ity. A feature of his approach has been the principle of attacking a 
problem from both ends, the theoretical and the practical, simultan­
eously. His technique is to simplify the mechanics of a system 
sufficiently to make it mathematically tractable without oversimplifi­
cation, to formulate the appropriate equations and, after making further 
reasonable assumptions if necessary, produce numerical or graphical 
solutions for particular cases using a computer. These are then 
compared with data obtained using real instruments. His work may thus 
be said to be synthetic in that it deals with the whole instrument or 
system, in contrast to the more analytical approach of workers such as 
Benade and Hutchins. In the work of Fletcher, many of the isolated 
experiments and observations of other workers are being extended and 
integrated into what seems to be the beginning of a general theory.
TABLE 5.5 Classified List of the Works of N.H.Fletcher 
(Author code 29 must be prefixed to the following four-digit serial 
numbers when referring to Appendix D, Publications marked with an 
asterisk - * - are of multiple authorship).
Class R
7403, 7606, 7607, 7801, 7901, 7902,* 7903, 8001,* 8201.*
Class S
7401, 7603, 8301*
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Class T
7501, 7604, 7701, 7702, 7802,* 8202*
Also Thwaites and Fletcher 918003, 918201.
Class A
7602, 7605
Class U
7402, 7601 .
5.6 The Work of C.M.Hutchins on the Violin Family
Since the early 1950's, Mrs. Carleen Hutchins of Montclair,
New Jersey, U.S.A. has been active in the study of the construction 
of stringed instruments. She started work in collaboration with 
Frederick A. Saunders of Harvard University, taking as a starting 
point the observations of Savart in 1840 on the desirable resonant 
frequencies of the free front (belly) and back plates of a violin. 
Originally an amateur in the field, Mrs. Hutchins studied violin 
making for eight years. She is Secretary of the Catgut Acoustical 
Society, and Editor of its Newsletter. During the last 30 years her 
publications, both alone and in collaboration, have been numerous, as 
is evident from Table 5.6. They have all been concerned with one 
aspect or another of the same basic problem of the resonances of the _ 
violin and its component parts. It is therefore proposed to summarise 
her work by considering two survey papers of hers with an interval of 
19 years between them. The digits 41 should be prefixed to all four­
digit serial numbers quoted in this paragraph when referring to 
Appendix D.
In the first of these articles (6201) she considered the resonances 
of the complete instrument. The most important of these were that of 
lowest frequency - the 'main wood resonance’, together with the cavity 
resonance of the ’box’, or main air resonance. The former, for a good 
violin, was normally within a tone of A = 440 Hz (390 - 490 Hz). The 
air cavity resonance depended on the volume of the box and the combined 
area of the f-holes, but it was not practicable to tune it by altering 
the f-hole area.
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One method of comparing violin resonances was the 'loudness curve1 
developed by Saunders. A player bowed each note of a chromatic scale 
as loudly as he could, without vibrato, and the level was measured 
in decibels on a standard sound level meter. In a 'good Stradivarius' 
the main wood resonance was just below the frequency of the open A 
string (440 Hz) with the air resonance about a fifth below, near the 
open D string at 294 Hz. A third peak was found just above the open 
G string at 196 Hz. Hutchins called this the 'wood prime’ and described 
it as a ’subharmonic’. It was thought to be due to the strengthening of 
the second harmonic of the string tone by the main wood resonance, but 
was heard as a reinforcement of the fundamental at around 220 Hz.
The ’subharmonic’ of the air resonance would lie outside the 
range of a conventional instrument. It seemed that this placing of 
the peaks was optimum for the violin; poorer instruments did not 
show these characteristics. A viola was built with a smaller air 
cavity to bring its ’subharmonic’ within the range of the bottom (C) 
string. As predicted, it had more power in the lower register than a 
standard viola.
It was pointed out that the viola and 'cello were built smaller 
than the above criterion would require. This was presumably for 
convenience in playing, but it meant that the resonances were three 
to four semitones higher, so that the lower notes suffered in strength 
and quality.
Traditionally, violin makers had tested the tuning of the front 
and back plates before assembly by tapping them in different places 
and listening for the ’tap tones'. Since there might be five or 
six resonances below 660 Hz, it was difficult to judge these by ear. 
Saunders, with Hutchins and Hopping (6001) had developed a method of 
determining the tap-tone frequencies of free plates. First the nodal 
points were roughly located by exciting Chladni figures on flat 
violin-shaped brass plates bowed at the edges. Then the wooden plates 
were clamped at a nodal point and vibrated elec.tromagnetically. The 
response was picked up by a microphone and recorded by feeding it to 
a CR0 (presumably with the timebase switched off). It was photographed 
on a film which was drawn across the screen at a speed synchronised
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with the swept-frequency vibrating oscillator. Calibration pulses 
were provided at set frequencies. Such 'photostrip' response 
curves were taken of front and back plates at different stages of 
construction, and also of the completed instrument.
Summarising the results of about six years' work, Hutchins noted 
that between 120 and 600 Hz there might be up to three peaks in the 
back and six in the front plate. For a good violin the peaks should 
alternate and be about a semitone apart. If they were more than a 
tone apart, or nearly coincident, the results were poor. She found 
that the main wood resonance of the finished violin was 'about seven 
semitones' above 'an average of the tap tones from front and, back'
(whatever that might mean).
By the time this paper was published, 35 instruments had been 
completed. In each case, frequency response curves of the free plates 
had been taken, and the assembled instruments were tested by:-
1 . Saunders-type loudness curves,
2. Frequency-response curves, and
3. Assessment by professional players.
If the results were unsatisfactory the instrument was dismantled and 
the process repeated until it was adjudged satisfactory. It was possible, 
with experience, to find from which areas wood must be removed in order 
to bring the resonances to the desired relationship. The theory was 
tested by deliberately making a bad 'cello, with its resonance peaks 
coincident, and then improving it.
The violin and viol families were compared. Although they were 
much more powerful and could produce a greater variety of tone colour, 
the violins had large gaps in their coverage of the range, and the lower 
members did not have the optimum musical characteristics, so that the 
timbres of the instruments differed markedly. The construction of the 
viols, with their flat backs and simpler resonances, meant that they 
could be built in a variety of sizes to cover the keyboard range of 
pitch. Their tone blended well together, and with that of keyboard 
instruments of the period in the performance of Renaissance polyphonic 
music.
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Hutchins' assertion that 'for contemporary performance of the viol 
repertoire, the old instruments are unsuitable' is questionable.
However, a composer, Henry Brant, felt that today's composers needed a 
modern equivalent of the viol family. This was the origin of the 'new 
violin family', which had been developed by Hutchins based on the 
belief that the placing of the main resonances on the violin was the 
optimum. By a combination of trial-and-error methods with physical 
testing, six out of the projected eight instruments had been made.
Scaling theory had been useful, as had Schelleng’s (836301) electrical 
circuit ideas. She was now close to being able to formulate a set of 
empirical construction rules.
In her recent article (8101), Hutchins' noted that it was nearly 
20 years since the paper reviewed above, and that much had been discovered 
about the desirable properties of plates before assembly, so that it was 
possible to build good instruments on this basis. All eight of the new 
violin family members had been made. In addition to the Chladni figure 
method, hologram interferometry had proved valuable in the investigation 
of plate modes, and real-time analysis had also been used.
At least six eigenmodes had been identified, with characteristic 
vibration patterns, though of course not always the same frequencies.
They had been numbered in ascending order of frequency, and out of them 
modes 1, 2 and 5 seemed to be the most important for plate tuning.
Methods had been developed for detecting these modes by holding and 
tapping the plates in appropriate places. Relations between the modes 
in top and bottom plates which had been found to give good results were 
quoted. These were not easy to achieve, but some ideas were given as to 
the areas of the plates from which wood should be removed to lower the 
frequencies of different modes.
In addition to the dimensions of the plates, the type, seasoning 
and ageing of the wood could also effect the tone. The important physical
properties of the wood seemed to be Young's modulus along and across the
grain, shear modulus, internal friction damping, density, and velocity 
of sound. (This last is of course not independent of the other four).
The damping could be estimated from the decay time of the tap tone, or
the Q of the resonance. The application of sealers and varnish to the
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outside could also affect resonances by altering the mass, stiffness 
and damping. Different woods were affected in different ways, but 
this could be allowed for during plate tuning. Temperature and 
humidity were also bound to have effects on resonances, because the 
interior surfaces were always left unvarnished. The only way of 
avoiding problems here was to try always to tune plates under the same 
conditions as those in which the finished instrument would be played.
The connection between the free plate characteristics and those 
of the finished instrument was still not fully understood. The ribs, 
the soundpost, and the coupling with the air resonance, must all tend 
to alter the plate modes. The method of working towards the connection 
had been to assemble plates of known eigenmodes into violins and then 
test them. To reverse the process, by measuring the plate modes of 
known good violins, was much more difficult, because makers and players 
were understandably reluctant to take both plates off a valuable instru­
ment simultaneously. Nevertheless Mrs. Hutchins was hopeful that 
eventually the link between plate modes and those of the complete 
instrument would be found, because the whole was necessarily the sum of 
its parts.
It is relevant at this point to add a note about the 'new violins', 
and the concept of a family of instruments in general. The names of 
the Hutchins instruments, and the frequencies of their lowest strings, 
are as. follows:-
Treble G4 392 Hz
Soprano DA 294 Hz
Violin G3 196 Hz
Alto C3 131 Hz 'Vertical viola
Tenor G2 98 Hz
Baritone C2 65 Hz "New 'cello"
Small
bass A1 55 Hz
Large
bass E1 42 Hz
In order to meet the requirements for the resonances, it was 
necessary to alter the depth of the ribs to vary the air volume, and 
the dimensions of the instruments to alter the plate resonances. The 
thicknesses of the plates also varied; the largest instruments had 
very thin ones to give the needed low frequencies, while the smallest 
sometimes had plates as much as 5 mm thick. Also special strings had 
to be developed, because string masses and tensions are important to 
get the-right characteristic impedances. The dimensions of the 
standard human being also dictated some changes in the designs. The 
timbre of the eight instruments is homogeneous throughout the range - 
the alto violin and baritone violin are just that, not a viola and a 
'cello. From the point of view of musical acoustics and instrument 
technology the experiment seems to have been successful, but the new 
instruments have still to gain universal artistic acceptance.
The concept of a family of instruments going up in fourths or 
fifths over a range of four or five octaves with uniform tonal properties 
throughout seems to be finding favour, possibly with the increase of 
interest in early music.
Considering Mrs. Hutchins' work as a whole, it might be thought 
that after thirty years the results were a little disappointing. However, 
it must be borne in mind that its aims were not quite the same as those 
of a conventional piece of scientific research. To quote from 6201, the 
aims included the 'application of acoustics to the understanding and 
making of violins', and 'to learn how to make consistently better 
instruments than the old masters did', and if that was not possible, to 
find out why not. From this point of view, the 'making' part of the 
aim now seems well on the way to fulfilment, even if the 'understanding' 
part is still far from complete.
In any case, Mrs. Hutchins' contribution has not been confined to 
her own research into violin making. It has been one of organisation 
and publicity as well. She has encouraged many eminent workers in 
acoustics to study problems related to the violin, organised conferences 
to discuss them, and published the findings in the Newsletter. By her 
own writings in popular scientific and musical journals, she has aroused
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public interest in the problems, and made known the extent to which 
they are being solved. After thirty years of the Catgut Acoustical 
Society, there is far less superstitious talk of the 'secret of 
Str'adivarius'. This is progress of a sort.
What is disappointing to a certain extent is that so few definite 
results have been published. The empirical rules which we were 
promised in 6201 have not really materialised, apart from the few 
vague recommendations about the optimum positions for the plate 
resonances which have been summarised above. It must be borne in mind, 
though, that Mrs. Hutchins is a craftswoman and may understandably be 
reluctant to reveal too many trade secrets. Her position is unique 
among the workers studied here; she is not on a university staff, 
nor does she work in her spare time. Her vocation is a full-time 
one, and therefore must to a certain extent be self-supporting.
Although she cannot be credited with any fundamental research- 
type publications, her contribution has been both extensive and 
valuable. Of the 58 publications listed in Table 5.6 below, 22 appeared 
in the Catgut Acoustical Society Newsletter (CASN), 18 are abstracts 
of papers delivered at conferences, and two are in fact by Mrs. Hutchins' 
husband, Morton Hutchins, but are recorded here for completeness.
TABLE 5.6 Classified List of the Works of C.M.Hutchins 
(Author code 41 must be prefixed to the following four-digit serial 
numbers when referring to Appendix D. Publications marked with an 
asterisk - * - are of multiple authorship. Those in brackets are .by 
M.A.Hutchins).
Class S
6201, 6703, 7303,* 7501, 7605, 7701, 7702, 8101 
Class T .
6001,* 6401, 6503, 6604, 7001, 7101, 7102,* 7301, 7302,
7403, 7603, 7604, 7703, 7802, 7901, 8001, 8201 
Class A
7002, 7601, (7602), (8102), 8103, 8104 
Class U
5801,* 5901,* 6301, 6402, 6501, 6502, 6504, 6601, 6602,
6603, 6701, 6702,* 6704, 6801,* 6901, 7103,* 7201, 7304,*
7401, 7402, 7606, 7704, 7801,* 7902,* 7903, 8002, 8202.
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6.1 Results of Present Study
The need for a work such as this has been amply demonstrated by 
the size and diversity of the store of details on publications which 
has been assembled. The nature of the study and of its material 
dictated to some extent the form which it took, the course which it 
followed, and the way in which it has been presented. As stated in the 
Abstract, as well as in the original proposal, the aim was tp assist 
later workers by assembling, classifying and assessing as much information 
as possible on research into the acoustics of musical instruments. Thus 
the material had to be looked at from a physical point of view, and the 
results had to be expressed in a physical and mathematical way. The 
information store and its classification were developed by a physicist 
for physicists, so that problems relating to the meaning of words, of
the nature described in 1 .8, should not arise.
The limitations of the conventional type of card index system became
clear at an early stage. When' the number of cards exceeds a certain 
figure, such a system becomes impracticable for use for research purposes, 
for various reasons. For one thing, the extraction of information from 
such a system involves every card being physically handled and examined, 
which takes a long time. Also, most such systems are filed in alphabetical 
order of the author’s surname. This means that the entry cannot be found 
unless the name is known without, again, looking at every card. Further­
more, if a card is replaced out of order, it is as good as lost.
Obviously the maximum number of entries in a conventional card index 
system depends on the user’s patience and the time at his disposal, but 
a reasonable figure would seem to be in the region of 300 to 500. The 
number of cards in the present system is now approaching 3000, but even 
so it is considered that it has been well worth while spending the time 
and trouble needed to maintain both card indices side by side. Each 
acts as a check upon the other.
6 : CONCLUSIONS
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It might be objected that card index systems, or a more sophisti­
cated equivalent, are still used satisfactorily in most libraries, 
with many hundreds of thousands of entries. This is true, and in fact 
most libraries maintain two indices, one of authors and the other of 
titles. In order to find a book, either its author or its title must 
be known. In general this is usually possible, but in the particular 
case of scientific papers, the recording of titles in alphabetical 
order would not help very much. To test this statement, three cards
were drawn at random from the files. The first words of the titles
of these three papers were (1) "A theory ....", (2) "A simple ..... ",
and (3) "The influence .... ". One has the impression that there
could be many hundreds of papers whose titles start with the same words.
In any case, the problem in a library is different. All that is 
required of the index is to enable a given book to be located. If 
books on a certain subject are needed, the user must be satisfied with 
the broad classification of the standard decimal system. In the context 
of this work, the subject matter of each entry needed to be classified
in much greater detail, and this is one reason why punched cards were
chosen.
The theoretical advantages and disadvantages of punched card filing
systems have already been discussed in Chapter 2, but it may be useful
to consider here some practical problems which have arisen in designing 
and operating such a system. To begin with, in choosing a system it
must be borne in mind that those of different manufacturers are not
compatible one with another, and that some manufacturers supply access­
ories which others do not. Limitations on ordering may be imposed; for 
example one particular manufacturer Is not willing to supply fewer than 
2000 cards at a time. All these factors should be taken into account 
beforehand, because they may cause problems later.
Human beings are not infallible, and punched cards are rather 
intolerant of error. It is very easy to make a mistake when clipping 
a card, and very difficult to put it right without re-writing and 
re-clipping the card. It is advisable to mark the holes to be clipped 
using a felt-tip pen, and then check them before actually clipping.
Only one manufacturer makes a perforated adhesive repairing tape, but
134
it has been found possible, with care, to use it to repair cards 
from another maker, in spite of the fact that the dimensions do not 
exactly coincide.
In setting up a system of coding, it is essential to have the 
whole thing planned in advance, and to be right first time. Once a 
particular code has been decided upon and put into practice, it is 
virtually impossible to change it without going back to the beginning 
and starting again. There is no scope for learning from one's mistakes 
when using punched card systems, because they are so inflexible.
They also have their limitations. In terms of the storage of 
information, a hole in a card can be regarded as a binary digit (bit).
It is more usual to think in terms of bytes (1 byte = 8 bits), because 
a byte is equivalent to one alphanumeric character. Thus a card with 
102 holes, such as was used in this study, can carry only jus't over 
12 bytes of coded information. Of course much more could be written 
on the card; all that the code needs to be able to do is to allow the 
card to be found. It will be noted, however, that this figure confirms 
the point made previously about the infea-slbility of including a 
citation analysis in a punched card system. Even using the simplified 
system developed for this study, a reference consists of six decimal 
digits and involves the use of about 24 holes. When it is considered 
that it is not uncommon for one publication to refer to upwards of 50 
others, it is easy to see that the idea is out of the question on the 
grounds of storage space, before even considering the problems of 
compiling such an analysis.
It is considered that the practical limit of size of a hand 
punched-card data store is probably between about 5000 and 10000 entries, 
depending on the user. Above such a size, it would begin to take too 
long to extract information, since only about 300 cards can be handled 
at a time. With practice, a batch of 300 cards can be dealt with in 
about 20 to 30 seconds, depending upon the number of holes required 
to be 'needled1.
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In spite of the above-mentioned problems, punched-card systems 
have many advantages for this type of work. More information could 
have been recorded on the cards, both in coded and uncoded form, 
than was found necessary or possible in the time. In fact, it 
would not have been possible to have carried out the present work 
without the punched card system. This survey has been only a limited 
one, and it has by no means exhausted the resources even of the 
existing information store.
To sum up, what has been achieved so far by this study may be 
stated briefly as follows. References to about 2600 publications 
dealing with the acoustics of musical instruments have been recorded 
on cards kept in two separate index systems. They have been classified 
in several ways. The surnames of the first-named authors have been 
divided alphabetically into a hundred groups of roughly equal size, 
some containing only one author and others many. Using the last two 
digits of the year of publication,.the entries have also been divided 
into a hundred date groups. There are thus ten thousand author/date 
groups, and those entries which fall into the same one of these have 
been distinguished by a serial .number within that group. Ten types 
of publication have been defined, and ten language groups. Two 
hundred or so basic categories defined by key words have been identified, 
covering as broadly as possible the likely subject matter of literature 
in the chosen field. Up to four of these can be applied to any entry.
All this information has been recorded on the punched cards by 
clipping holes according to carefully-devised coding systems. By this 
means, cards relating to entries falling within any desired categories 
can be isolated within a reasonable time using a simple procedure.
Much additional information has been written on many of the cards, 
including often an abstract of the contribution, and the source of the 
reference to enable it to be checked if necessary. Thus a list of 
references can now be produced covering any desired author, subject, or 
period of time. A publication can be traced even if the author is not 
known, provided enough information is available to confine the search 
within reasonable limits.
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The possibilities for future development are numerous, The 
system could be maintained without undue effort, new entries being 
added as they were published, while information on existing entries 
was added and improved. Provision exists for the inclusion of 
publications which may have been omitted for one reason or another. 
Further information could be recorded in the existing system, which 
is capable of extension to cater for extra subject categories, or if 
desired a code for publication/publisher, being added. Such a 
facility would improve the chances of tracing a publication about 
which little information was available. Photocopies of the abstracts 
of papers could be stuck on to the cards.
It is hoped that it may be possible for this work to be made 
available to other workers. There are various ways in which this could 
be done. A printed bibliography could quite easily be produced, in 
duplicated or photocopied form. Copying the cards themselves would be 
difficult, but if the index were transferred to computer storage as 
suggested, print-outs would be possible. This has already been done 
with a small specialised index (Parrott, 1983, private communication). 
Microfilm and microfiche are presumably other possibilities which 
should be investigated. It would in theory be easy to prepare special­
ised bibliographies on request, the difficulty being to ensure that all 
potential users were aware of the existence of such a service. From 
computer storage, information could be offered in tape or disc form, 
which would be more manageable than print-out. Such an arrangement 
would also enable the data to be expanded, improved and analysed in 
different ways such as the citation analysis which has been suggested.
It would need to be carefully designed so as to be as convenient, 
reliable, economic, and compatible with other systems as possible.
During the course of the work, much has been learned about the 
theory and practice of information storage and retrieval. Thus the 
possibility now exists either of modifying and extending the present 
system, or of setting up an improved one. The advantages and dis­
advantages of computer information searching have already been discussed,
6.2 Future Possibilities for This Work
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and it has been concluded that it is inappropriate for studies of 
this type. No such problems should arise if the existing data 
were transferred to computer storage. Since the cataloguing would 
have been done by someone familiar with the terminology of musical 
acoustics, it follows that any potential users would tend to speak 
the same language and use the same words with the same meaning.
There would naturally be classification problems, but with the 
increased storage available in a computer system, these should present 
no serious difficulty.
It is now possible to say roughly what research is being done 
in the field at present, and by whom, and to compare it with that done 
at other times. Comparative; surveys such as the types of publication 
favoured by various authors, or feasibility studies for example on the 
problems of a citation analysis, could be done using the material at 
present available, or potentially so.
6.3 Recent Trends and Possible Progress
An attempt will be made in this final paragraph to identify trends 
in the field during the last ten or twenty years, and to speculate on 
the likely directions in which it seems that progress might be made.
In doing so, some points which have already been made will be re­
emphasised. One trend which has already been remarked upon is the 
increase in the rate of publication, which is of course a well-known 
phenomenon in all branches of science. As soon as the records are 
complete enough, it will be possible to quantify it within the field 
of musical acoustics and,, if it proves to be exponential, evaluate 
the doubling time.
Having surveyed the field in this manner, one cannot help remarking 
once again how much the great physicists of the past contributed to 
musical acoustics. For example, the names of Helmholtz, Raman and 
Rayleigh, to quote only three at random, recur in the bibliographies 
of publications up to the present day. It would be difficult to find 
modern equivalents. Perhaps the day of the physical polymath is over, 
and we are into an era of narrow specialism. As has been noted before, 
though,, there are many workers in musical acoustics today who originally 
started in other fields, together with those who are still active in
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other fields and carry out musical work as a sideline. Thus the field 
is possibly exceptional in some ways in the workers who are attracted 
to it.
Another aspect of what might be called the sociology of musical 
acoustics is the fact that it seems to be a field in which there is 
still a possibility of valuable contributions being made by amateurs, 
or at least by those who are not full-time professionals in this 
particular speciality. This aspect also could be quantified by 
listing publications in this and other fields.
The problem of communication in musical acoustics is a very 
difficult one. It is a diverse, even diffuse, area where workers 
of very varied backgrounds have contributions to make. Instrument 
makers, players, physicists and other scientists read different 
journals, attend different conferences, and to a certain extent speak 
different languages. Multidisciplinary conferences like those of 
the Catgut Acoustical Society, or the workshops on the physics and 
psychophysics of music organised by J.G. Roederer at Ossiach in 
Austria, have shown interesting possibilities. The lavishly-funded 
initiative at IRCAM in Paris was interesting in its concept, but so 
far the results, from the point of view of research into the action 
of musical instruments, have been disappointing.
It has already been suggested that it might be possible to 
identify influential writers objectively, by citation analysis. The 
concept of the influential writer would seem also to be a sociological 
one, and some practical problems of such an analysis have been 
indicated. Another difficulty would be the need to distinguish, if 
assessing a writer's output numerically, between a major and a minor 
contribution, and also between an original contribution and a 
variation on a previous one.
Another interesting and possibly helpful project would be to try 
to identify the type of person who is a major contributor or an 
influential writer. This whole question of influence is a difficult 
one, because one writer can influence another only if the second knows
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about the work of the first. The extent to which this is possible 
cannot readily be assessed, because in citation analysis only 
positive results are significant. If one worker quotes the work of 
another, it proves he knew about it; but if he does not quote it, it does 
not follow that he was not aware of it. Reading through the lists 
of references at the end of published papers, it appears subjectively 
that not all workers see or read all published literature in their 
field. The journal in which a paper is published has a great effect 
on the size of its readership.
The reverse question is that of the minor or minimal contributor.
It seems to be very common for workers in this field to publish one 
or two papers and then never to be heard from again. It would be 
interesting to know just how prevalent this is, though the reasons 
for it might be more difficult to discover. There is the possibility, 
of course, that the phenomenon exists in other branches of physics, 
and the only way to investigate this would be to mount a similar survey 
of some other area; a sort of comparative sociology of science.
It emerges that many different methods, techniques and instruments 
have been used in musical instrument research. These have included 
transmission line theory using distributed parameters, circuit theory 
using lumped parameters, computer techniques of all sorts, real time 
analysis, digital techniques and computer graphics. Instrumentation 
used has included the CRO, sonagraph and stroboscopy in the early 
stages, together with narrow band filters, impedance measurements,
Chladni figures and laser holography. As has been remarked before, there 
has sometimes been a tendency to allow the availability of all. this 
apparatus to determine the direction of research. It is understandable 
that, when workers have just had a new aid made available to them, they 
should be anxious to see what contribution it can make. Certainly the 
available hardware, in this case the punched cards, and its associated 
limitations affected the course of this study. Nevertheless the survey 
of the literature shows that it is possible for significant progress 
to be made using comparatively unsophisticated equipment.
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Experimentation in the design of instruments and in the materials 
used in their construction has been noticeable during the period 
covered by the review, and this trend seems likely to continue. This 
view is confirmed by Taylor (917903), who adds that synthetic materials 
have so far largely been used as substitutes for natural ones.
Further progress may lie in the direction of the development of specific 
substances with the required properties for improved or more consistent 
performance. For example, it would seem natural to suggest that an 
epoxy resin material reinforced with oriented carbon fibres might 
well be arranged to have relations between its density and its elastic 
moduli along and across the grain making it suitable for use in the 
plates of stringed instruments (e.g. Haines et al 357503). The 
acceptance of such a material by makers and players would, of course, 
be another matter. As has been noted, they are very conservative.
Psychologically, the fact that specially produced new materials 
such as this are costly should be no disadvantage. Other writers 
have drawn attention to what might be called.the "Galway syndrome"; 
the tendency of players and listeners to believe that expensive 
instruments necessarily sound better. The idea may not be completely 
unfounded; makers are human too, and will naturally tend to devote 
more care and attention to a valuable piece of wood than to a cheap 
one. It would be out of proportion to do otherwise. In the case of 
wind instruments it is well known already to be true that a good one 
made of synthetic material is preferable to a poor wooden one. There 
is surely good reason to hope that before long it may be possible to 
produce, if not masterpieces, at least serviceable stringed instruments 
using such materials.
Nothing has so far been said about electronic or electrical musical 
instruments, because these are outside the scope of the present work. 
Nevertheless in considering the immediate future of the conventional 
instruments, the question arises as to whether or not they are doomed 
to extinction by these new developments. At the moment this seems 
unlikely, not merely because of the previously-noted conservatism.
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Along with the development of electronic music there is a parallel 
increase of interest in early music and early instruments, together 
with the realisation that if music is to be heard as its composer 
intended, it must be played on the instruments for which it was 
written.
This does not imply that no development whatever should take 
place in instruments, provided it does not alter the sounds they 
produce. There could surely be little objection in principle to 
a harpsichord which remained in tune for a longer time, to a
viol which was less susceptible to cold and damp, or to wind
instruments which were less subject to condensation problems.
It has been pointed out in various places that there is an 
increasing tendency to move in the direction of considering player 
and instrument as a single unit. This seems to be one way in which 
progress may be made in the coming years. It involves, of course, 
bringing in physiological and psychological considerations and 
realising that the problem is not purely a physical one.
Perhaps the most realistic view to take of the future is that
things will probably go on very much as they have before. Most of
the work will continue to be done by a large number of people of 
diverse specialisms, working part-time in a largely uncoordinated manner 
and to a certain extent unaware of, or unconcerned about, each others’ 
activities. Nevertheless it is possible to hope, with Taylor, that 
the cooperation between musicians, craftsmen, and physicists will 
continue to increase, along with an appreciation of the multidiscipli­
nary nature of the problems. The fact that so many of the physicists 
involved are themselves musicians or craftsmen, as has emerged during 
this study, is surely a good sign. Even if the exciting discoveries 
predicted by Taylor fail to materialise in the near future, there is 
no reason to suppose that progress will not continue, at the present 
steady rate if no faster.
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The principle of a superimposed code is that a group of holes
called a ’field* is allocated to the recording of a given set of
data. Each term within that set is then denoted by notching two or
more holes, randomly selected. For example, Foskett (1967) gives
the case of a 40-hole field using a two hole code. This gives the
possibility of catering for 40 = 780 terms. It is possible to
2
notch a card for more than one term, if the slight risk of false 
drops can be accepted. If a particular card has been notched for 
the terms coded 24/37 and 07/18, it will also drop if the combinations 
18/37 or 07/24 are needled. Foskett recommends that a useful maximum 
for such a system would be that not more than nine terms should be 
recorded on any card.
Wise (1958) states (p.457) that optimum conditions are attained 
when the number of instructions to notch amounts to about 46% of the 
available notching positions. This compares well with Foskett*s 
recommendation (above) of 18 holes out of 40, or 45%. In fact, as 
Wise points out, only about 37% of the holes would actually be notched, 
because of overlapping of codes.
In the present case, it was decided to allocate the 32 holes along
the bottom of the card - holes 52 to 83 inclusive - to the recording of
information on subject classifications. The use of the holes two at a
time would make available a total of 32 = 496 codes. Of these, only
2
89 have been used so far. A list of these codes appears in Appendix- C3, 
which runs to some 200 keywords. Some keywords are synonymous and some 
codes include more than one keyword. They were not in fact allocated 
completely at random; for example, no codes involving two adjacent
APPENDIX A : STATISTICS OF SUPERIMPOSED CODING
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holes have been used up to now. In the event, it has not been found 
necessary to go anywhere near the 45 - 46% maximum recommended by Foskett - 
and Wise.
This would have involved coding 14 out of the available 32 holes 
on each card. In fact no card has been coded for more than four terms, 
so that no more than eight holes have been used. Assuming that each 
card has eight holes which have been notched completely at random, 
the ’dropping fraction' F^, which is the probability that a card 
selected at random will drop, is given by
Thus 6% of cards would on average be selected by such a procedure, 
of which the majority would be spurious, because there are many ways in 
which this combinaticnof two holes can arise, and only one of them is 
genuine. This is a high, but by no means unacceptable, proportion of 
false drops. If two codes (four holes) are needled for at once, the 
position is much improved.
so that xthe proportion of false drops becomes 0.2%, which is negligible.
The above analysis applies to an ideal situation in which codes 
are allocated and. cards notched absolutely at random. In practice it 
has been found that although false drops do occur, they represent only 
a very small proportion of the total drop, and cause no problem.
Provision exists within the system for the number of holes per
basic code to be increased to three, in case difficulties should ar.ise
in the future. This would cause more work, but would have two advantages.
In the first place, the number of available subject codes would become 
32 = 4 960 codes, which should be enough to cater for any possible
approx
Fd approx.,
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eventuality. Secondly, for one code at a time the dropping fraction 
is only
and thus quite acceptable, while for two codes at once the probability 
becomes truly negligible at
Even if it does become necessary to use three-hole codes, the 
recommended 45% proportion of notching instructions to holes available 
for notching will not be exceeded. This, would allow 14 holes per card, 
while four holes at three holes per term would involve only twelve 
instructions.
Thus provision exists, even within the system as at present 
established, for the storage of considerably more information on the 
subject matter of entries. Details of the coding system as it exists 
will be found in Appendix C.
As an interim measure it is proposed to investigate practically 
the proportion of false drops which does in fact occur -when each of 
the commonly-used subject codes is needled. If any of these proportions 
seems to be unduly high, an extra hole will be allocated to that code. 
These extra holes will be carefully calculated so as not.to cause 
further possibility of false drops.
approx.,
approx.
APPENDIX B
DATA ACQUISITION AND STORAGE FACILITIES
The addresses used in the search of a computer data base were,
(a), in Italy:-
European Space Agency 
ESRIN/IRS,
Via Galileo Galilei,
00044 Frascati,
Italy
and (b) in the U.K.,
B.A. Kingsmill,
Dialtech Service,
Technology Reports Centre,
Orpington,
Kent BR5 3 RF
Three manufacturers of punched-card systems were contacted. 
Their addresses are as follows
Copeland-Chatterson Co. Ltd.,
Dudbridge,
Stroud,
Glos.
(Manufacturers of Paramount Cards)
Opasco Ltd.,
32 West Street 
Sutton,
Surrey SM1 1SH
(Proprietors of McBee Keysort system)
Lochkarten-Werk Schlitz 
(Haensel GmbH and Co., KG),
Postfach 170,
Federal Republic of Germany.
The exact dimensional standards adopted by these manufacturers 
are not published, but rough measurements indicate that they differ 
from one another. For example, the holes in Paramount cards are 
fractionally smaller and closer together than those in Schlitz cards.
This is possibly due to the one being made to Imperial and the other 
to metric standards. The Paramount holes are of 15/128 inch (2.98 mm) 
diameter, spaced at 15/64 inch (5-96 mm) centres, and the Schlitz cards 
have 3.00 mm holes spaced at 6.00 mm centres. These differences, 
though small, are enough to make it impossible to use both makes of 
card in one system. Also the Schlitz cards are made in the international 
A sizes, while Paramount use the standard Imperial sizes for index cards, 
8M x 5", 6" x 4" and so on. Schlitz also use standard DIN sizes.
McBee Keysort market cards having at least two different punching 
standards, with 0.1" holes at 0.2" centres, and 0.125" holes at 0.25" 
centres.
Although their holes are only slightly bigger, the needles, 
supplied by Schlitz are thicker, stronger, and less flexible than the 
Copeland-Chatterson ones. This means that more cards can hang from 
a needle without bending it, but also that it is more difficult to 
thread a needle through a set of cards. The Schlitz needles are 2.5 mm 
diameter, and the Copeland-Chatterson 2.0 mm.
For some sorting operations, up to eight needles were needed, 
and it was found that double-ended steel knitting needles of 1.6 mm 
diameter with one end pushed into a 10 mm rubber bung, were quite 
satisfactory. Ordinary plastic covered knitting needles were also 
tried; the 2.25 mm size is adequately strong, but they do not slip 
through the holes in the cards as smoothly as the steel ones do.
An assortment of cards and needles of various makes is shown 
in Figures 2.1 and 2.2,
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APPENDIX C 1 
AUTHOR CODES ( + = et al. = 16)
Code Name Notch Code Name Notch
00 A-AF 9 10. 14 15 50 L-LB 7 8 4
01 AG-ANC 9 10 13 15 51 LC-LEH 7 8 3
02 AND 9 10 13 14 52 LEI 7 8 3
03 ANE-AZ 9 10 12 15 53 LEJ-LH 7 8 2
04 B-BACKT 9 10 12 14 54 LI 7 8 2
05 BACKU 9 10 12 13 55 LJ-LOS ,7 8 2
06 BACKV-BARS 9 10 11 15 56 LOT 7 8 1
07 BART-BAZ 9 10 11 14 57 LOU-LZ 7 8 1
08 BB-BENAC 9 10 11 13 58 M-MAP 7 8 1
09 BEN AD 9 10 11 12 59 MAQ-MAS 7 8 1
10 BENAE-BF 8 10 14 15 60 MAT-MD 6 10 4
11 BG-BK 8 10 13 15 61 ME-MEI 6 10 3
12 BL 8 10 13 14 62 MEJ-MEX 6 10 3
13 BM-BOR 8 10 12 15 63 MEY 6 10 2
14 BOS-BQ 8 10 12 14 64 MEZ-MOK 6 10 2
15 BR-BRI 8 10 12 13 65 MOL-MZ 6 10 2
16 BRJ-BZ 8 10 11 15 66 N-NE 6 10 1
17 C-CAR 8 10 11 14 67 NF-NZ 6 10 1
18 CAS-CG 8 10 11 13 68 0 6 10 1
19 CH-CL 8 10 ' 11 12 69 P-PH 6 10 1
20 CM-COL 8 9 14 15 70 PI-POV 6 9 4
21 COM-CRA 8 9 13 15 71 POW-PZ 6 9 3
22 CRB-CZ 8 9 13 14 72 Q-RAL 6 9 3
23 D-DE 8 9 12 15 73 RAM 6 9 2
24 DF-DZ 8 9 12 14 74 RAN-REE 6 9 2
25 E-EK 8 9 12 13 75 REF-RIB 6 9 2
26 EL-EZ 8 9 11 15 76 RIC 6 9 1
27 F-FIRS 8 9 11 14 77 RID-ROB 6 9 1
28 FIRT 8 9 11 13 78 ROC-ROH 6 9 1
29 FIRU-FL 8 9 11 12 79 ROI-RZ 6 9 1
30 FM-FRA 7 10 14 15 80 S-SAT 6 8 4
31 FRB-FRX 7 10 13 15 81 SAU 6 8 3
32 FRY-FZ 7 10 13 14 82 SAV-SCHD 6 8 3
33 G-GJ 7 10 12 15 83 SCHE 6 8 2
34 GK-GZ 7 10 12 14 84 SCHF-SCHU 6 8 2
35 H-HAK 7 10 12 13 85 SCHV-SIQ 6 8 2
36 HAL 7 10 1 1 15 86 SIR-SL 6 8 1
37 HAM-HARD 7 10 1 1 14 87 SM-STD 6 8 1
38 HARE-HEK 7 10 11 13 88 STE 6 8 1
39 HEL-HI 7 10 11 12 89 STF-STZ 6 8 1
40 HJ-HUS 7 9 14 15 90 SU-SZ 6 7 4
41 HUT-HZ 7 9 13 15 91 T-TOL 6 7 3
42 I-IN 7 9 13 14 92 TOM-TZ 6 7 3
43 IO-IZ 7 9 12 15 93 U-V 6 7 2
44 J-JA 7 9 12 14 94 W-WE 6 7 2
45 JB-JZ 7 9 12 13 95 WF-WN 6 7 2
46 K-KEM 7 9 1 1 15 96 WO-WZ 6 7 1
47 KEN-KIO 7 9 11 14 97 X-YOT 6 7 1
48 KIP-KOK 7 9 1 1 13 98 YOU 6 7 1
49 KOL-KZ 7 9 11 12 99 YOV-Z 6 7 1
15
15
14
15
14
13
15
14
13
12
15
15
14
15
14
13
15
14
13
12
15
15
14
15
14
13
15
14
13
12
15
15
14
15
14
13
15
1 4
13
12
15
15
14
15
14
13
15
14
13
12
APPENDIX C 2 : DATE CODES
The code is the last two figures of the year of publication.
If the date is unknown, code 00 is used. If the date was before 
the year 1900, hole 27 is notched in addition.
Code Notch Code Notch
00 20 21 25 26 50 18 19 25 26
01 20 21 24 26 51 18 19 24 26
02 20 21 24 25 52 18 19 24 25
03 20 21 23 26 53 18 19 23 26
04 20 21 23 25 54 18 19 23 25
05 20 21 23 24 55 18 19 23 24
06 20 21 22 26 56 18 19 22 26
07 20 21 22 25 57 18 19 22 25
08 20 21 22 24 58 18 19 22 24
09 20 21 22 23 59 18 19 22 23
10 19 21 25 26 60 17 21 25 26
11 19 21 24 26 61 17 21 24 26
12 19 21 24 25 62 17 21 24 25
13 19 21 23 26 63 17 21 23 26
14 19 21 23 25 64 17 21 23 25
15 19 21 23 24 65 17 21 23 24
16 19 21 22 26 66 17 21 22 26
17 19 21 22 25 67 17 21 22 * 25
18 19 21 22 24 68 17 21 22 24
19 19 21 22 23 69 17 21 22 23
20 19 20 25 26 70 17 20 25 26
21 19 20 24 26 71 17 20 24 26
22 19 20 24 25 72 17 20 24 25
23 19 20 23 26 73 17 20 23 26
24 19 20 23 15 74 17 20 23 25
25 19 20 23 24 75 17 20 23 24
26 19 20 22 26 76 17 20 22 26
27 19 20 22 25 77 17 20 22 25
28 19 20 • 22 24 78 17 20 22 24
29 19 20 22 23 79 17 20 22 23
30 18 21 25 26 80 17 19 25 26
31 18 21 24 26 81 17 19 24 26
32 18 21 24 25 82 17 19 24 25
33 18 21 23 26 83 17 19 23 26
34 18 21 23 25 84 17 19 23 25
35 18 21 23 24 85 17 19 23 24
36 18 21 22 26 86 17 19 22 26
37 18 21 22 25 87 17 19 22 25
38 18 21 22 24 88 17 19 22 24
39 18 21 22 23 89 17 19 22 23
40 18 20 25 26 90 17 18 25 26
41 18 20 24 26 91 17 18 24 26
42 18 20 24 25 92 17 18 24 25
43 18 20 23 26 93 17 18 23 26
44 18 20 23 25 94 17 18 23 25
45 18 20 23 24 95 17 18 23 24
46 18 20 22 26 96 17 18 22 26
47 18 20 22 25 97 17 18 22 25
48 18 20 22 24 98 17 18 22 24
49 18 20 22 23 99 17 18 22 23
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APPENDIX C 3.1
SUBJECT SELECTOR CODES : ALPHABETICAL LIST
The following list gives the basic two-hole codes; more compl:
concepts are coded by combinations of these.
Concept Notch Concept Notch
accordion 55 77 end^  correction 53 71
acoustic{s) 57 74 energy 61 77
air column 71 79 equalising process 58 72
alto 62 82 equation 57 74
American 57 81 experiment 58 70
analogy 66 78
analysis 59 71 family 61 81
anatomy 64 80 filing system 59 69
aperture 52 81 finger hole 65 73
apparatus 65 69 fingering 65 73
architectural 53 83 flame 52 81
attack 59 83 flute 54 82
attenuation 55 83 folk 64 76
Ausgleichsvorgang 58 72 form 54 78
free reed 55 77
back 55 81 French horn 76 83
bass 63 69 frequency (analysis) 59 71
bell 66 82 friction 55 83
belly 55 81
body 52 82 galoubet 56 80
bore 54 78 guitar 57 83
bottle 53 68
bow, bowed 63 73 hair ■ 66 80
brass 53 55 hammer 52 74
building(instr.) 54 78 harmonic (analysis) 59 71
harmonium 55 77
calculation 57 74 harp 63 83
cards, punched 59 69 Hartmann generator 52 81
cavity 53 68 headjoint 65 77
Chinese 60 74 hearing 64 80
conductivity 56 70 Helmholtz resonator 53 68
conduit 71 79 history 67 77
consonance 63 81 hole 65 73
construction 54 78 hole-tone 52 81
cornet 65 71 hologram 54 72
cornett 62 80 horn, orchestral 76 83
correction, end 53 71 human ear 64 80
coupling 68 72 human physiology 64 80
cup mouthpiece 53 55 human speech 55 69
cylindrical pipe 71 79 human voice 55 69
Hutchins violin 66 70
damping 55 83
decay 59 83 impedance 56 70
design 54 78 Indian 53 77
development 66 70 instrument,musical 61 79
dissipation 55 83 instrumentation 65 69
double reed 58 78 intensity 61 77
duct 71 79 interferometry 54 72
interval 63 81
early 64 78 intonation 63 81
edge (tone) 64 77 investigation 58 70
electr/ic/onic 55 79 Irish 53 75
embouchure 65 77
152.
Concept Notch
Japanese 67 69
jet 52 81
keyboard 64 74
lip-reed 53 55
loudness 61 77
making 54 78
material 59 77
mathematics 57 74
mechan/ics/ism 57 73
medicine 64 80
monochord 61 69
mouthpiece 65 77
musical flame 52 81
musical inst. 61 79
musical scale 63 81
mute 57 71
new 66 70
objective tests 62 78
octave 63 81
onset 59 83
optical methods 54 72
organ 63 75
orifice (jet) 52 81
orifice (tone or
finger hole) 65 73
partial tones 59 71
parts 58 80
percussion 60 72
performance 63 77
periodicity 59 71
phase 56 68
photography 54 72
physiology 64 80
pipe 71 79
plastics 59 77
plate 55 81
player 63 77
plucked 61 71
police whistle 56 80
psychology 62 78
punched card 59 69
radiation 67 71
reactance 56 70
recorder 56 80
reed, double 58 78
reed, free 55 77
reed, single 54 71
register hole 65 73
research 58 70
resistance 56 70
reson/ance/ator 53 68
Concept Notch
ring tone 52 81
room 53 83
scale 63 81
^Scandinavian 65 83
scientific instr. 65 69
Scottish 62 70
serpent 62 80
shape 54 78
singing 55 69
single reed 54 71
social science 62 78
soprano 61 83
sounding board 65 79
spectrum analysis 59 71
speech 55 69
string 66 72
struck 62 76
structure 54 78
study 58 70
subjective testing 62 78
synthesis 56 74
temperament 63 81
tenor 60 76
test 58 70
theory 57 74
timber 64 72
timbre 65 75
tone hole 65 73
tone quality 65 75
traditional 64 76
transient 59 83
trombone 57 66
trumpet 52 56
tuba 62 80
tube 71 79
tuning 63 71
tuning fork 67 73
varnish 64 68
vibrato 60 68
Vietnamese 66 74
viol 56 78
violin 64 70
viscosity 57 77
vocal, voice 55 69
waldhorn 62 80
wall vibration 64 82
whistle 56 80
wire 66 72
*wolf note 65 83
wood 64 72
woodwind 58 76
work 61 77
* It will be noticed that these two codes are identical. This was due 
to an oversight, but it has not proved to be a problem in practice.
APPENDIX C 3.2 
NUMERICAL LIST OF BASIC SUBJECT CODES
52 56 trumpet
52 74 hammer
52 81 Hartmann generator 
jet
musical flame
52 82 body
53 55 brass
cup-mouthpiece
lip-reed
53 ' 68 bottle
cavity
resonator
53 71 end correction
53 75 Irish
53 77 Indian
53 83 architectural
room
54 71 reed, single
54 72 hologram 
interferometry 
optical methods
54 78 construction
design
making
shape
54 82 flute, transverse
55 69 speech
voice, singing
55 77 accordion 
free reed
55 79 electric
55 81 back
belly
plate
55 83 attenuation
damping
friction
56 68 phase
56 70 impedance
reactance
resistance
56 74 synthesis
56 78 viol
56 80 recorder etc:-
bamboo pipe
galoubet
kernspaltflote
ocarina
selje-flute
spilapipa
whistle
57 66 trombone
57 71 mute
57 73 mechanics
mechanism
57 74 mathematics
theory (of acoustics
57 77 viscosity
57 81 American
57 83 guitar
58 70 experiment
investigation
research
58 72 coupling
equalisation process
58 76 woodwind
58 78 reed, double
58 80 parts
59 69 punched card filing
59 71 analysis:- 
harmonic 
frequency 
spectrum
59 71 material
59 83 attack
decay
onset
transient
60 68 vibrato
60 72 percussion
60 74 Chinese
60 76 tenor
61 69 monochord
61 71 plucked
62 77 energy
intensity
loudness
power
work
154.
61 79 instrument (musical) 65 79 sounding board
61 81 family . 65 83 Scandinavian#wolf
61 83 soprano 66 70 development
62 70 Scottish new
62 76 strike, struck 66 72 stringwire
62 78 objective testing 
psychology 66 74 Vietnamese
social science 66 78 analogy
subjective testing 66 80 hair
62 80 tuba etc:- 
cornett 66 82- bell
serpent 67 69 Japanese
waldhorn 57 71 radiation
62 82 alto 67 73 tuning fork
63 69 bass 67 77 history
63 73 bow, bowed 71 79 air column
63 75 organ conduit
63 77 player ductflue
63 81 scale
temperament
pipe
tube
tuning 76 83 horn
63 83 harp
64 68 varnish
64 70 violin
64 72 wood
64 74 keyboard
64 76 folk
traditional
64 77 edge (tone)
64 78 early
64 80 anatomy
medicine
physiology
64 82 wall vibration
65 69 apparatus
instrumentation
65 71 cornet
65 73 finger hole
fingering
hole
register hole 
tone hole
65 75 timbre
65 77 embouchure
head joint 
mouthpiece
APPENDIX C4
TYPE OF PUBLICATION CODE
Code Type Notch
0 Paper in public journal 4 5
1 Paper at conference, incl. abstract 3 5
2 Report of research organisation 3 4
3 Thesis 2 5
4 Book 2 4
5 Patent specification 2 3
6 Private communication 1 5
7 Letter to journal 1 4
8 Standard specification 1 3
9 Book review 1 2
APPENDIX . C 5
LANGUAGE CODE(language of reference, even if not the original)
Code Type Notch
0 English 31 32
1 French 30 32
2 German 30 31
3 Italian 29 32
4 Japanese 29 31
5 Polish, Serbo-Croat, Czech etc. 29 30
6 Russian 28 32
7 Scandinavian 28 31
8 Spanish, Portuguese 28 30
9 Others 28 29
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APPENDIX C 6 
SERIAL NUMBER CODE
Number Notch
01 33
02 34
03 33 34
04 35
05 33 35
06 34 35
07 33 34 35
08 36
09 33 36
10 34 36
1 1 33 34 36
12 35 36
13 33 35 36
14 34 35 36
15 33 34 35 36
APPENDIX C 7 
CLASS CODE
Class Notch
R (research) 40
S (survey) 41
T (technical) 42
A (abstract) 43
APPENDIX D
LIST OP ENTRIES IN SERIAL NUMBER ORDER
N otes
The o r i g i n a l  i n t e n t i o n  was to omit the t i t l e s  o f  
p u b l i c a t i o n s  in  t h i s  l i s t  in  the i n t e r e s t s  o f  b r e v i t y ,  
p ro v id e d  the i n fo r m a t io n  g iv e n  in  the r e f e r e n c e  was 
s u f f i c i e n t .  An a b b r e v ia te d  t i t l e  has now been i n c l u d e d ,  
however , to a s s i s t  u s e r s .  Where there  are two a u t h o r s ,  
both  surnames are g i v e n ,  w ith o u t  i n i t i a l s .  I f  th e re  are  
more tham two, the f i r s t  named author  i s  g i v e n ,  fo l lo w e d  
by ! e t  a l * .  P u l l  s t o p s  a f t e r  a b b r e v i a t i o n s  have been 
om itted  pro v id ed  the meaning i s  not ambiguous.
A b b r e v i a t i o n s
The f o l l o w i n g  a b b r e v i a t i o n s  f o r  the j o u r n a l s  and oth er  
so u rc e s  o f  r e f e r e n c e s  have been used in  t h i s  l i s t ,  to save  
s p a c e ,  in  view o f  the l e n g t h  o f  the l i s t .
Acus = A c u s t i c a  
AdP = Ann. d .  P h y s ,
AJP = Amer. J .^ P h y s .
AnTe = Ann. Telecomm.
ANYA = Ann. New York A cad .  S c i .
AppA = A p p l ie d  A c o u s t i c s  
ArcA = A r c h .  A c o u s t .  ( P o l i s h )
ARFM = Ann. Rev. F l u i d  Mech.
ASA = A c o u s t i c a l  S o c i e t y  o f  America  
(nASA = P ro c .  nth M eeting  o f  ASA)
AST -  American S t r i n g  Teacher  
AS = A k u s t .  Z e i t s c h r i f t  
BdG = B u l l e t i n  du GAM, P a r i s  
BIA = B u l l .  I n d .  A s s o c ,  C u l t .  S c i .
CASN = Catgut A c o u s t i c a l  S o c i e t y  N e w s le t t e r
CP = Contemporary P h y s ic s
CSTS = C zec h os lovak  S c i e n t i f i c  and 'T ec h n ic a l  S o c i e t y  
(nCSTS = P r o c .  nth M eeting  o f  CSTS)
D i s s  = D i s s e r t a t i o n ,  U n i v e r s i t y  o f  -
End = Endeavour
Ep = E uro -p ian o
GSJ = .Galpin  S o c i e t y  Journal
HFE = H o c h fr e q u e n z te c h .  E l e k t r o a k u s t .
ICA = I n t e r n a t i o n a l  Congress  on A c o u s t i c s  
(nlCA = P r o c .  nth ICA)
I n s t  = The I n s t r u m e n t a l i s t
InsZ  = I n s t r u m e n t e n b a u - Z e i t s c h r i f t
loA = I n s t i t u t e  o f  A c o u s t i c s  (p r o c e e d i n g s )
JAES = J .  Audio Eng. S o c .
JASA = J .  A c o u st  S o c .  Amer.
JASc = J .  A e r o .  S c i .
JaP = Jo u r n a l  de Physique  
JEB = J .  Exp. B i o l .
JFM = J .  F l u i d  Mech.
JIMIT = J .  I n s t .  Mus.. I n s t r .  Tech.
JSY = J .  Sound Y i b .
MEJ = Music E d u c a t o r s ’ Jo u r n a l
MSc = M .S c .  t h e s i s / d i s s e r t a t i o n ,  U n i v e r s i t y  o f  -
Mus = Das Musikinstrument
NALB = N a t .  A e r o n a u t .  Lab.  Bangalore  r e p o r t
Nat =s Nature
NAWG = Nach. Akad. W i s s .  G o t t i n g e n  
PCPS = P r o c .  Camb. P h i l .  S o c .
PhBl = P h y s ik .  B l .
PhD = Ph. D. t h e s i s ,  U n i v e r s i t y  o f  -  
PhEd = P h y s i c s  Ed u cation  
PhMa 5= P h i l .  Mag.
PhRe = Phys .  Rev.
PhSc = Physica  S c r i p t a
PhTo = P h y s ic s  Today
PIA = P r o c .  I n d .  A s s o c .  C u l t .  S c i .
PNAS = P r o c .  N a t .  Acad.  S c i .
PRI = P r o c .  Roy. I n s t .
PRSM = P r o c .  Roy.  S o c .  Med.
RIST = Rep. I n s t .  In d .  S c i .  U n iv .  Tokyo
R&M = Recorder  and Music
ScAm = S c i e n t i f i c  American
SPA = S o v i e t  P h y s i c s - A c o u s t i c s
STLR = Rep. Speech T r a n s m is s .  L a b . ,  KTH Stockholm
STM = Svensk t i j d s k r i f t  f o r  m u s ik fo r s k r in g
S t r  5= The S trad
Thes = T h e s i s ,  U n i v e r s i t y  o f  -
TU 5s T e c h n i c a l  U n i v e r s i t y
U =s U n i v e r s i t y
ZAP = Z .  angew. Phys .
LIST OF ENTRIES
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003601 A b b o t t , R B ,A n a l y s i s  o f  v i o l i n  t o n e ,JASA 7 ,  111 ( 1 9 3 6 )
001+101 A b b o tt  A P u r c e l l ,Wood f o r  v i o l i n s ,J A S A  13* 5k  (191+1)
007201 ^ b b o t t ,A ,A c c o r d e o n  de c o n c e r t ,  BdG 5 9 / 3  ( 1 9 7 2 )
007202 Agren & S t e t s o n , Y i o l  p l a t e  h o logram s,JA S A 51 , 1 9 7 1 ( 1 9 7 2 )  
007N-02 Adkins ,C J , J e w 's  harp,  JASA 5 5 ,  6 6 7  (1971+)
017601 A l l e n , J 3 ,Agin g  o f  g u i t a r  s t r i n g s ,  CASN 2 6 ,  27 ( 1 9 7 6 )
022801 Anderson & Ostensen ,E nd  c o r r e c t i o n s ,P h R e  3 1 * 2 6 7 ( 1 9 2 8 )  
026701 A n d o ,Y ,S tu d y  o f  f lu te ,N H K  Tech J (Jap)  19 ,  65 ( 1 9 6 7 )
027002  A n d o ,Y ,J a p a n e se  f lu te ,N H K  Tech J (Jap)  2 2 ,  63 ( 1 9 7 0 )
027802 Ando A S h im a ,T r e b le  r e c o r d e r ,  JASA 61+, S . 151 ( 1 9 7 8 )
030001 Anon,How r e c o r d e r  tone i s  p ro d u c e d ,S c h r e ib e r ,N a u h e im  
037901 A n g s t e r , J , Power o f  i n s t r u m e n t s , 18CSTS, 5 ( 1 9 7 9 )
038101 Arnold  & W e i n r e i c h , S t r i n g  motion,JASA 69 , S * 8 9 ( 1981 )
C l a r i n e t  reed v ib r a t io n ,J A S A  3 2 ,  935  ( 1 9 6 0 )  
V i b r a t i o n s  i n  c l a r i n e t ,  JASA 3 3 ,  806 ( 1 9 6 1 )  
I n f l u e n c e  o f  c l a r t . r e e d ;JASA 3 3 ,  862 ( 1 961) 
P r o p e r t i e s  o f  r e e d s ,  JASA 3 3 ,  1652 ( 1 961) 
S t r u c t u r e  o f  t o n e ,  JASA 3 4 ,  717  (1 9 6 2 )  
Frequency s h i f t  & blowing p r e s s u r e  i n  
c l a r i n e t ,  JASA 3 4 ,  1991+ ( 1962)
Loud c l a r i n e t  t o n e s ,  JASA 3 5 ,  771 ( 1963) 
C l a r i n e t  body v i b r a t i o n , JASA 3 5 , 1 9 0 1 , ( 1 9 6 3 )  
A c o u s t i c s  o f  c l a r i n e t , Sound 2 ,  22 ( 1 9 6 3 )  
Theory o f  c l a r i n e t ,  JASA 3 5 ,  3 0 5  (1 9 6 3  
Woodwind w a l l  m a t e r i a l , JASA 3 6 ,1 8 8 1  (1961+) 
E f f e c t  o f  a i r  f l o w ,  JASA 3 6 ,  2011+ ( 1964) 
Resonance f r e q u e n c i e s ,JASA 3 7 , 1 2 0 3  ( 1 9 6 5 )
■Wall v i b r a t i o n  in  pipes ,JASA 38 , 9 1 2 ( 1 9 6 5 )  
H u n d le y ,W a l l  v i b r a t i o n s , JASA 3 9 ,  9 3 6 ( 1 9 6 6 )  
C l a r i n e t  r e e d s ,  JASA 3 9 ,  1220 ( i 9 6 0 )
Warping o f  r e e d ,  JASA 1+0, 1252 (1 9 6 6 )
Bassoon r e s o n a n c e s ,  JASA 1+1, 1608 ( 1 967)  
C l a r i n e t  r e s o n a n c e s ,  JASA 1+3, 1272 ( 1968)
P lea  f o r  c o n f o r m i t y ,  JASA 1+1+, 285  ( 1968)
B rass  r e s o n a n c e s ,  JASA 1+1+, 367  ( 1 9 6 8 )  
A c o u s t i c a l  fo u n d a t io n s  o f  m u sic ,
N o r to n ,  New York ,  1969
( T i t l e  as a b o v e ) ,J o h n  Murray, London 1970  
H u n d le y , Trumpet a i r  column, JASAI47, 131 ( 1970)  
H u n d le y ,Harmonic g e n e r a t i o n ,J A S A 4 9 ,5 0 9 ( 1 9 7 1  ) 
Resonance curve p l o t t i n g , JASA 5 0 ,  128 ( 1 9 7 1 )  
Reed/column i n t e r a c t i o n , JASA 5 2 ,  11+7 ( 1 9 7 2 )  
In p u t  impedance c u r v e s ,  71+)
R e s i s t a n c e  o f  c a p i l l a r y ,JASA 5 5 ,  S . 1+9(1971+) 
Input  impedance curves,JASA 5 6 ,  1266 (1971+)
Woodwind reed ( p a t e n t ) , JASA 5 6 ,  1661+ ( 1 9 7 4 )  
Impedance and mutes ,  JASA 5 7 ,  S . 21 ( 1 9 7 5 )  
Impedance o f  c a p i l l a r y , JASA 5 8 ,  1078 ( 1 9 7 5 )  
Wind resonances  and music,JAES 2 3 , 1+94(1975)  
Trumpet m outhpiece ,  JASA 5 9 ,  S . 5 1 ,  ( 1 9 7 6 )
A uthor Codes 00 -  09
056 001 Backus J
056101 Backus J
056 1 02 Backus J
056.103 Backus J
056201 Backus J
056202 Backus J
056301 Backus J
056302 Backus J
056303 Backus J
056 301+ Backus J
0561+01 . Backus J
056N-02 Backus J
056501 Backus J
056502 Backus J
O560OI Backus &
056602 Backus J
056603 Backus J
056701 Backus J
056801 Backus J
056802 Backus J
056803 Backus J
056901 Backus J
057001 Backus J
057002 Backus &
057101 Backus &
057102 Backus J
057201 Backus J
0571+01 Backus J
0571+02 Backus J
0571+03 Backus. J
0571+01+ Backus J
057501 Backus J
057502 Backus J
057503 Backus J
057601 Backus J
160
057602 B a c k u s , J , Brass  input  im pedance , JASA 6 0 ,  4 7 0  ( 1 9 7 6 )
057701 B a c k u s , J , Theory o f  c l a r i n e t , JASA 6 1 ,  1381 ( 1 9 7 7 )
057702 Backus ,J  ,M u l t ip h o n ic  t o n e s ,  JASA 6 2 ,  Si+3 ( 1 9 7 7 )
057801 B a c k u s ,J ,M u l t i p h o n i c  t o n e s ,  JASA 6 3 , 591 (1 9 7 8 )
057802 Backus , J , U n r e a l i s t i c  c u r v e s ,  JASA 61+, 1201 ( 1 9 7 8 )
0 5780 3  Backus ,J  ,Reed & m o uthpiece ,  JASA 6 4 ,  S 1 7 0  ( 1 9 7 8 )
058001 B a c k u s , J , S y n t h e t i c  c l a r i n e t  reeds,JASA 68 , S 10 0 ( 1980)  
058101 B ackus ,J ,A nom alou s  b e h a v i o u r , JASA 7 0 ,  S23 ( 1 9 8 1 )
C66901 B a k ,N ,S tu d y  o f  t r e b l e  r e c o r d e r ,A c u s  2 2 ,  295  ( 1 9 6 9 )  
067702  B acon ,RA ,D i s c r e t e  s t r i n g  model,CASN 2 8 ,  7 ( 1 9 7 7 )
067801 Bacon & Bowsher,  S t r i n g  model ,  Acus 1+1, 21 ( 1 9 7 3 )
075501 B a te ,P ,O b o e  embouchure, GSJ 8 , 6 0  ( 1 9 5 5 )
086501 B eaucham p ,J W ,E lectronic  in str u m en ta t io n ,P h D  , I l l i n o i s
1965
087401 Beauchamp , J W , V i o l i n  s p e c t r a ,  JASA 56 , 995  (1971+)
0871+02 B e l d i e , I P ,V i o l i n  r a d i a t i o n ,  CASN 2 2 ,  13 (1971+)
087501 B e l d i e , I P ,V i o l i n  v i b r a t i o n s , D i s s  TU B e r l i n  1975
090001 Benade,AH,On the tone c o l o r  o f  wind i n s t r u m e n t s ,S e lm e r  
095901 Benade,AH, Woodwind b o r e s ,  JASA 3 1 ,  137 ,  ( 1 9 5 9 )
096001 Benade ,AH, P h y s i c s  o f  woodwinds ,ScAm 203,1+, 11+5 ( 1 9 6 0 )
096002  Benade , AH, H o r n s , s t r i n g s  and harmony, Doubleday NY i 960
096003 B enade ,AH,F in g e r  h o le  theory,JASA 3 2 ,  1591 (1 9 6 0 )
096201 Benade & F r e n c h ,F l u t e  design,JASA 3 4 ,  716 ( 1 9 6 2 )
O963OI Benade,AH, Thermal p e r t u r b a t i o n s , JASA 3 5 ,  1901 ( 1 9 6 3 )
096501 Benade & F r e n c h ,F l u t e  h e a d - j o i n t ,JASA 3 7 ,  679  ( 1 9 6 5 )
096502 B en a d e ,AH,Organ resonance x - s e c t i o n ,J A S A  3 8 , 7 8 0 ( 1 9 6 5 )
0 9 650 3  B e n a d e ,A H ,P la te  resonance damping,CASN i+, 12 ( 1 9 6 5 )
096601 Benade,AH, Brass  instrum ent  bores,JASA 3 9 ,  1220 ( 1966)
096602 Benade,AH , Wind in stru m en t  s p e c tr a  , JASA. 1+0, 21+7(1966)
096701 Benade,AH , Organ a b s o r p t i o n  x - s e c t i o n , JASA 1+1, 3 2 ( 1 9 6 7 )
096702  Benade & Murday,Tone hole  c o r r e c t io n ,J A S A  1+1 ,1 6 0 9 (1 9 6 7 )
096703  Benade ,AH, Pipe  w a l l  v i b r a t i o n ,  JASA 1+2, 210  ( 1967)  
096701+ Benade & Worman,S earch  tone meas.JASA 1+2, 1217 ( 1 9 6 7 )
096801 Benade & Gans/Wind in s t r u m e n t s ,  ANYA 1 5 5 ,  21+7 ( 1 9 6 8 )
096802  Benade & J a n s s o n ,Waves in  horns ,JASA 1+1+ * 367 ( 1 9 6 8 )
09680 3  Benade , AH , Waves in  c y l i n d e r ,  JASA 1+1+, 6 16 ( 1 9 6 8 )
096901 B enade ,AH ,S ta r tu p  o f  b rass  t o n e ,  JASA 1+5, 296 ( 1969)
097001 Benade & R o b e r t s ,Hutchins  v io l in ,C A SN  13,  8 ( 1 9 7 0 )
097002  Benade,AH/Woodwind tone & r e s p o n s e , JASA 1+8, 8 9 ( 1 9 7 0 )
097101 Benade ,AH/Wind tone,AAAS symposium, P h i l a d e l p h i a  1971
097102 Benade & Worman,Wind o s c i l l a t i o n ,JASA 1+9, 127 (1971 )
097201 Benade ,AH,Horn t h e o r y  & d e s i g n ,  JASA 5 2 ,  138 ( 1 9 7 2 )
097202  Benade & Worman,Wind s p e c t r a ,  JASA 5 2 ,  11+8, ( 1972)
097301 Benade ,AH, F l u t e  head j o i n t ,  JASA 5 4 ,  3 1 0  (1 9 7 3 )
097302  Benade,AH, R e g i s t e r  ho le  design,JASA 5 4 ,  31 0  ( 1 9 7 3 )
097 3 0 3  Benade,A H ,T o n e -h o le  c u t - o f f  freq ,JASA 5 4 ,  3 1 0 ( 1 9 7 3 )
09730 4  Benade,AH, P h y s ic s  o f  brasses ,S cA m  2 2 9 , 1 , 2 4  ( 1 9 7 3 )
09730 5  Benade & J a n s s o n , Waves in  horns,STLR 1 ( 1 9 7 3 )
097401 Benade & Cuddeback,Damping at  jo i n t s ,J A S A  5 5 , 4 5 7 ( 1 9 7 4 )
097402  Benade & G e b le r ,R e e d  c a v i t y  & neck,JASA 5 5 ,  458  ( 197I+)
0 9740 3  Benade & L i v i n g s t o n , M u l t i p h o n i c s , JASA 5 5 , 3 . 4 9  ( 1 9 7 4 )
097404  Benade ,AH , Woodwind m u l t i p h o n i c s ,  JASA 5 5 ,  S .  1+9 ( 1 9 7 4 )
097405  Benade,AH, N o n - l i n e a r  a s p e c t s ,  JASA 5 5 , S . 69  ( 1 9 7 4 )
097406 Benade & Jansson /W aves  in  horn s ,A cu s  3 1 ,  79 ( 1 9 7 4 )
097407  Benade,AH, N o n - l i n e a r  a s p e c t s ,  JASA 5 5 , S . 49  (1 9 7 4 )
097501 Benade,AH, W o l f  tone in  v io l in ,C A SN  2 4 ,  21 ( 1 9 7 5 )
097601 Benade,AH, Wind a d ju s tm e n t ,  JASA 5 9 ,  S . 50  ( 1 9 7 6 )
097602 Benade,AH, S t r i n g  to  e a r ,  CASN 2 5 ,  5 ( 1 9 7 6 )  •
0 9760 3  Benade,AH, Fundamentals  o f  m u sic a l  a c o u s t i c s ,
Oxford UP, New York ,  1976
097701 Benade e t  a l ,W in d  in stru m en t  sp ectra ,J A S A  6 1 , 3 3 5 ( 1 9 7 7 )
097702 Benade,AH,V i o l i n  s t r i n g i n g ,  CASN 2 8 ,  7 ( 1 9 7 7 ;
0 97 7 0 3  Benade,AH,Room round in s t r u m e n t ,  CASN 2 8 ,  9 ( 1 9 7 7 )  
097701+ Benade,AH,The summer o f  1 9 7 7 ,  CASN 2 8 ,  3 (1 9 7 7 )
097901 Benade & L a r s e n , C l a r i n e t  spectra ,JA SA  6 6 ,  S . 30  ( 1 9 7 9 )
097902  Benade,AH, Reed & column r e l a t i o n s , JASA 6 6 , S . 67 ( 1 9 7 9 ;
098001 Benad e ,AH, Boehm f l u t e  s t r e n g t h ,  JASA 6 7 , S . 81+ ( 1 9 8 0 )
098002 Benade & H o e k j e , Trumpet spectrum,JASA 6 7 , S . 85 ( 1 9 8 0 ;
0980 0 3 Benade,AH,Spectrum & t r a n s f e r  func,JASA 6 7 , S • 9 7 ( 1 9 8 0 )  
098001+ Benade & Carman, C l a r i n e t  fu n c t io n ,J A S A  6 8 , S . 111 ( 1 9 8 0 )
098101 Benade,AH, S p e c tr a  o f  u s e f u l  in s t r ,J A S A  6 9 , S . 3 7 ( 1981)
098102 Benade & Carman^Bassoon f u n c t i o n , JASA 6 9 ,  S . 3 7 i 1 9 3 1 )
09810 3  Benade & S m ith ,B r a s s  impulse meas,JASA 7 0 , 3 . 2 2 ( 1 9 8 1 )  
098101+ Benade & Carman,Oboe & bassoon,JASA 7 0 , S . 23  (1 9 8 1 )  
098201 Benade & H o e k j e ,V o c a l  t r a c t  e f f e c t ,J A S A  7 1 , S . 9 1 ( 1 9 8 2 )
Author  C o d e s ' 10 -  19
108101 B e r n s t e i n , R , Tuning new bass,CASN 3 5 ,  12 (1 9 8 1 )
117601 B i s s i n g e r  & H u t c h i n s ,P l a t e  tuning,CASN 2 5 ,  5 ( 1 9 7 6 )
117602 B i s s i n g e r  & H u t c h i n s , Tuning bass  bar,CASN 2 6 , 1 0 ( 1 9 7 6 )  
117801 B i s s i n g e r  & H u t c h i n s ,a s  above ,  CASN. 3 ° ,  23  ( 1 9 7 8 )
118101 B i s s i n g e r  & Hutchins,Q, o f  p la te s ,C A S N  3 5 ,  5 ( 1 9 8 1 )
I3I4OO2 Boner & Newman,Wall m a t e r i a l s ,  JASA 12 ,  83 (191+0)
137201 B o o m s l i t e r  & C r e e l ,  V i o l i n  tone,JASA 51 , 1981+ ( 1 9 7 2 )
137601 B o d l e y ,N , Piano i n h a r m o n i c i t y ,  CASN 2 5 ,  5 ( 1 9 7 6 )
137602 B o n t a , S , H i s t o r y  o f  s t r i n g s ,  CASN 2 6 ,  21 ( 1 9 7 6 )
11+2901 Bouasse ,H ,Tuyaux e t  R eso n a teu r s  ,D e la g r a v e  , P a r i s  , 1929  
11+3001 Bouasse ,H , In stru m en ts  a vent  ,D e la g r a v e  , P a r i s  , 1929  
II465OI Bouhuys , A , Power in  wind i n s t r u m e n t s ,JASA 3 7 ,  1+53 ( 1 9 6 5 )  
11+8001 Bowsher,JM , P h y s ic s  o f  b r a s s ,  End 1+, 2 0  ( 1 9 8 0 )
156001 B r a c k e n r id g e ,J B , L iq u id  j e t  o s c i l l . , J A S A  3 2 ,  1 2 3 8 ( 1 9 6 0 )  
156101 Brackenridge  & N y b o r g ,a s  above ,  JASA 3 3 ,  1078 (1 9 6 1 )  
1561+01 BSI :BS3U99 , S ch o o l  r e c o r d e r s ,  1961+
156801 B r i n d l e y ,G ,  L o g i c a l  b a s s o o n ,  GSJ 2 1 ,  152 (1 9 6 8 )
156902 B r i n d l e y ,G ,  Woodwind f i n g e r i n g ,G S J  2 2 ,  1+0 ( 1 9 6 9 )
157101 B r i n d le y  ,G , F l u t e  wave p a t t e r n s ,  GSJ 21+, 5 ( 1 9 7 1 ;
157301 B r i n d le y  , G , Sound in  t u b e s ,  Nat 21+6, 51+31+, 1+79 (1 9 7 3 )
163801 Brown,GB, Organ p ip e s  & edge t o n e s ,N a t  11+1, 11 ( 1 9 3 8 )  
167501 B r o c h e r , s , G en erateu rs  j e t  d ’ a i r , A c u s  3 2 ,  227  (1 9 7 5 )
177701 C a l d e r s m i t h ,G , G u i t a r  f u n c t i o n ,  CASN 2 7 ,  19 ( 1 9 7 7 )
177702 C a r r u t h e r s ,A R ,R a d i a t i o n  o f  b a g p ip e ,A c u s  38 , 153 ( 1 9 7 7 )  
177802 C a rru th ers  ,AR , P i t c h  o f  b a g p ip e ,  Acus 1+1 , 1+6 ( 1 9 7 8 ;  
177901 C a l d e r s m i t h ,G , Alma f i d d l e s ,  CASN 3 2 , 1 1  ( 1 9 7 9 )
178001 C a ld e rsm ith ,G  ,A l t e r n a t i v e  f id d le s ,C A S N  3U» 11 ( 1 9 8 0 )  
178101 C a l d e r s m i t h ,G , P h y s ic s  f o r  l u t h i e r s , CASN 3 5 ,  1 5 ( 1 9 8 1 )
186601 C a s t e l l e n g o ,M ,G a l o u b e t  & tambourin,BdG 2 3 , ( 1 9 6 6 )
186901 C a s t e l l e n g o ,  Tuyau d ’ orgue & f l u t e , B d G  1 + 2 , (1 9 6 9 ;
187102 C a s t e l l e n g o ,M  ,7  ans du GAM, GAM 1971
197001 Chanaud ,RC ,Aerodynamic w h i s t l e s  ,ScAm 2 2 2 , 1 ,1 + 0 ( 1 9 7 0 )  
197802 C h a f e , C , V i o l o n c e l l o  t im b r e ,  CASN 2 9 ,  19 ( 1 9 7 8 )
198202 C l in c h  e t  a l , V o c a l  t r a c t  in  wind ,Acus  50 , 2 8 0  ( 1 9 8 2 )
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206601 Coltman,JW, Resonance o f  f l u t e , JASA. 4 0 ,  99 ( 1 9 6 6 )
206801 C oltm an ,JW ,F lu te  & organ pipe ,JASA 4 4 ,  983 ( 1 9 6 8 )
206802  C o l tm a n ,J W ,A c o u s t ic s  o f  f l u t e ,P h T o  2 1 ,  25  ( 1 9 6 8 )
206901 Coltman,JW,Organ r a d i a t i o n ,  JASA 4 6 ,  477  (1 9 6 9 )
207101 Coltman,JW, M a t e r i a l  o f  f l u t e ,  JASA 4 9 ,  5 2 0  (1 9 7 1 )
207201 Coltman,JW,A c o u s t i c s  o f  f l u t e , I n s t  2 7 / 6 , 3 6  ( 1 9 7 2 )
207301 Coltman,JW,Mouth r e s o n a n c e ,  JASA 5 4 ,  417  ( 1 9 7 3 )
207501 Coates  e t  a l , V i o l i n  tone a n a l y s i s , CASN 2 4 ,  16 ( 1 9 7 5 )
207601 C oltm an ,J W ,F lu te  i n t o n a t i o n ,  I n s t ,  May 1976
207602  Coltman,JW,J e t  d r i v e  i n  edge tone,JASA 6 0 ,  7 2 5 ( 1 9 7 6 )  
207701 Coltman,JW,New C sharp f o r  f l u t e , I n s t ,  May,62 ( 1 9 7 7 )  
207901 C o l tm a n ,J W ,A n a ly s is  o f  f l u t e ,  JASA 6 5 , 499  ( 1 9 7 9 )
208101 Coltman,JW, Momentum t r a n s f e r ,  JASA 6 9 ,  1164 ( 1 9 8 1 )
210001 Conn,Coprion & E l e c t r o - D  p r o c e s s e s , E l k h a r t , In d ian a  
2 1 6 8 0 3  Crane,F ,Jew s harp as aerophone,GSJ 2 1 ,  66  ( 1 9 6 8 )
218001 C o x , S , Coupling  between modes, CASN 3 3 ,  3 0  ( 1 980)
226701 Cremer & I s i n g , O r g e l p f e i f e n ,  Acus 19 ,  143 ( 1 9 6 7 )
227101 C r e m e r ,L ,G e i g e . . P h y s i k e r s , NAWG 12 (1 9 7 1 )
227201 Cummings , A ,A c o u s t i c s  o f  b o t t l e ,A p p A  5 ,  161 ( 1 9 7 2 )
227202  C r e m e r ,L , I n f lu e n c e  o f  bow p r e s s u r e , CASN 18 ,  13 ( 1 9 7 2 )  
227301 Cummings , A ,A c o u s t i c s  o f  b o t t l e ,  JSV 31 , 331 (1 9 7 3 )  
227401 C r e m e r ,L , I n f lu e n c e  o f  bow p r e s s u r e ,Acus 3 0 ,  119 ( 1 9 7 4 )  
227801 C r e i t z ,L ,N e w  & o ld  v i o l i n s ,  CASN 3 0 ,  18 (1 9 7 8 )
227901 C rem er ,L ,Secondary  waves,CASN 3 1 , 1 2  and 3 2 , 2 7  (1 9 7 9 )
237901 D ek an ,K , B rass  i n s t r u m e n t s ,  18CSTS , 29 ( 1 9 7 9 )
237902  D e k s n , K , V i o l i n  p l a t e s  from cheap wood,18CSTS 3 3 ( 1 9 7 9 )
246802  D ib d in ,F J H , E s s e n t i a l s  o f  so u n d , M a c m i l l a n , London 1968 
247701 Dunn, J , Middle o f  the n o t e ,  R&M 5 ,  291 ( 1 9 7 7 )
247802  D i c k e n s , F T , G u i t a r  so u n d h ole ,  CASN 29 ( 1 9 7 8 )
247901 Diinnwald ,H ,Entstehun g des W o l f s ,  Acus 41 , 238 ( 1 9 7 9 )  
248101 D i c k e n s ,F T ,  Modes in  g u i t a r ,  CASN 3 5 ,  18 (1981 )
257201 Ekwall , A , Computer p l a t e  a r c h i n g s ,  CASN 18 ,  6 ( 1 9 7 2 )  
257502  Ekwall ,A ,New type o f  v i o l i n  drawing,CASN 2 4 ,  18 ( 1 9 7 5 )  
258101 E k w a l l , A , S t r a d i v a r i - S a c c o n i  arching,CASN 3 5 ,  3 3  ( 1 9 8 1 )
266301 E l d e r , S A ,Recorder  v o ic in g ,J A S A  3 5 ,  1901 ( 1963)
267502 E l d e r , S A , Sound i n ' o r g a n  p ipes ,JASA 5 4 ,  1554 ( 1 9 7 3 )  
267802  E s ty  & H u t c h i n s ,  P r o j e c t  T i n y ,  CASN 3 0 ,  29 ( 1 9 7 8 )
267901 E s t y  & H u tc h in s ,  P r o j e c t  T i n y ,  CASN 3 1 ,  3 ( 1 9 7 9 )
267902  E l l i o t t , S J , B r a s s  i n s t r u m e n t s ,  18CSTS , 37  ( 1 9 7 9 )
2 6790 3  E l l i o t t , S J , R e g e n e r a t i o n  in  wind,JdP 4 0 , 1 1 , 0 8 , 3 4 1 ( 1 9 7 9 )  
268101 E l l i o t t , S J , Tone p r o d u c t io n  in  wind,JIMIT 4 ,  4  ( 1 9 8 1 )  
268201 E l l i o t t  & 3 o w s h e r , R e g e n e r a t i o n , JSV 8 3 , 181 ( 1 9 8 2 )
277301 F in k ,I ,N e w  v i o l i n  bows, S t r  83 , 9 9 3 ,  4 5 5  (1 9 7 3 )
277501 Faanhof ,ACPJ,A r ch in g  o f  p l a t e s ,  S t r  85 , 1019 ,  7 1 3 ( 1 9 7 5 )  
277701 F e l l g e t t , P 3 ,  Magic v a r n i s h ,  CASN 2 8 ,  24  (1 9 7 7 )
2 77 7 0 3  F e l l g e t t , P B , C le a r  r i n g  & s t r u t t i n g ,C A S N  2 8 ,  26 (1 9 7 7 )
287201 F i r t h , I , W o l f  in  the c e l l o ,  CASN 1 8 ,  19 ( 1 9 7 2 )
287301 F i r t h  & Buchanan, W o l f  in  c e l l o ,  JASA 5 3 ,  457  ( 1 9 7 3 )  
287401 F i r t h , I M ,W o l f  tone in  c e l lo ,S T L R  4 ,  I I I A ,  42 ( 1 9 7 4 )  
2 8 7 4 0 3  F i r t h , I M , Pro jec .ts  in  a c o u s t i c s ,  PhEd 9., 4 7 9 ,  ( 1 9 7 4 )
Author Codes 20  -  29
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2 8 7 4 0 4
287601
287602
287603
287601+
2 8 7 6 0 5
287606
287607
287608
287609
287610
287701
287702 
2 8 770 3  
287801 
287802 
2 8 7 8 0 3
296501
2971+01
2971+02
2971+03
297501
297601
297602
297603
297601+
297605
297606
2 97 6 0 7
297701
29770 2  
297801 
297802
297901
297902
297903  
298001 
298201 
298202 
298301
F i r t h , I  
F i r t h , I  
F i r t h  & 
F i r t h , I  
F i r t h , I  
F i r t h , I  
F i r t h , I  
F i r t h , I  
F i r t h , I  
F i r t h , I  
F i r t h , I  
F i r t h , I  
F i r t h , !  
F i r t h , I  
F i r t h , I  
F i r t h , I  
F i r t h  A
M u s ic a l  r e s e a r c h  in  UK,U S t  Andrews,  1971+ 
B a rr in g  in  g u i t a r , s u b  to Lute Soc J ,  1976  
S i l l i t o e , Highland b a g p i p e , s e e  2 8 7 8 0 3  
P r o j e c t  P l a t e r i k ,  CASN 2 5 ,  20  (1 9 7 6 )  
Ad m ittance  measuring device,CASN 2 5 , 1 9 ( 1 9 7 6 )  
Mechanical  impedance h e a d ,A c u s 3 5 ,  3 4 8 ( 1 9 7 6 )  
Tap tone in  s t r i n g  i n s t , A c u s  3§  , 3§ ( 1 9 7 6 )  
P h y s i c s  o f  gu ita r ,J A S A  6 1 ,  588 ( 1 9 7 7 )  
A d j u s t i n g  p l a t e s  o f  c e l l o , A c u s  3 6 ,  3 0 7 ( 1 9 7 6 )  
A c o u s t i c s  o f  harp,  Acus 3 7 ,  11+8 ( 1 9 7 7 )  
Experiments  on l u t e  b e l l y ,G S J  3 0 ,  56 ( 1 9 7 7 )  
Adm ittance  o f  sound p o s t ,A c u s  36 , 3 3 2 ( 1 9 7 7 )  
L i s t e n i n g  f o r . r e s o n a n c e s , CASN 2 7 ,  11 ( 1 9 7 7 )  
Measurements on l u t e ,  CASN 2 7 ,  12 ( 1 9 7 7 )  
C e l l o  a t  w o l f  t o n e ,  Acus 3 9 ,  252 ( 1 9 7 8 )
F a l s e  gut s t r i n g ,  Acus 1+0, 121 ( 1 9 7 8 )  
S i l l i t o e  ,Highland b a g p ip e ,A c u s  1+0, 3 1 0 ( 1 9 7 8 )
F l e t c h e r  H e t  a l , S t r i n g  t o n e ,  JASA 3 7 ,  851 ( 1 9 6 5 )  
F l e t c h e r ,N H , F l u t e  t e c h n iq u e ,  I n s t  2 8 ( 7 ) , 5 7  ( 1 9 7 4 )  
F l e t c h e r  ,NH ,A d i a b a t i c  assumption ,AJP 4 2 ,  1+87 ( 1 9 7 4 )  
F l e t c h e r ,N H , I n t e r a c t i o n s  in  p ipes ,JA S A  5 6 ,  6 4 5 ( 1 9 7 4 )  
F l e t c h e r ,N H , F l u t e  perform an ce ,  JASA 5 7 ,  233  ( 1 9 7 5 )  
F l e t c h e r  ,NH, P h y s i c s  music ,Heinemann,A u s t r a l i a  , 1976
Fletcher ,N H,Dam ping o f  s tr in gs ,C A S N  2 5 ,  4  ( 1 9 7 6 )  
F le t c h e r ,N H .P lu c k e d  s t r i n g s ,  CASN 2 6 ,  13 (1 9 7 6 )
F l e t c h e r .N H , T r a n s i e n t s  in  p i p e s ,A c u s  3 4 ,  22 4  ( 1 9 7 6 )  
F l e t c h e r .N H , S e a l i n g  r u l e s ,  JASA 5 9 ,  S . 50  ( 1 9 7 6 )
F l e t c h e r , N H , J e t - d r i v e  in  pipes ,JASA 6 0 ,  481 ( 1 9 7 6 )  
F le tc h e r ,N H ,O r g a n  f l u e  p i p e s ,  JASA 6 0 ,  926 ( 1 9 7 6 )  
F l e t c h e r ,N H , S c a l i n g  r u l e s ,  Acus 3 7 ,  131 ( 1 9 7 7 )
F l e t c h e r ,N H , H arpsichord  d e s i g n ,  Acus 3 7 ,  139 ( 1 9 7 7 )  
F l e t c h e r ,N H , Mode l o c k i n g ,  JASA 6 4 ,  1566 ( 1 9 7 8 )
F l e t c h e r  A H i l l , B l a d d e r  c i c a d a ,  JEB 7 2 ,  1+3 ( 1 9 7 8 )  
F l e t c h e r ,N H ,Wind, instruments,ARFM 11 ,  123 ( 1 9 7 9 )  
F l e t c h e r  A T h w a i te s ,P r o p a g a t io n  on j e t  , A c u s 4 2 , 3 2 3 ( 1979)  
F l e t c h e r ,N H ,E x c i t a t i o n  in  wind, Acus 4 3 ,  63 ( 1 9 7 9 )  
F l e t c h e r  & D o u g l a s , Harmonic g e n ,JASA 6 8 ,  7 § 7  ( 1 9 8 0 )  
F l e t c h e r  e t  a l , Admittance  o f  r e e d s ,A c u s  5 0 ,  155 ( 1 9 8 2 )  
F l e t c h e r  e t  a l , F l u t e  head jo in t ,J A S A  7 1 ,  1255 ( 1 9 8 2 )  
F l e t c h e r  & T h w a i t e s , Organ p ip e s  ,ScAm 2 4 8 ,1 ,8 1 +  ( 1983)
Author  Codes 30  -  39
307001 Franz e t  a l , R a d i a t i o n  from p i p e s ,A c u s  2 2 , 2 2 6 ( 1 9 7 0 )  
307201 F r a n s s o n ,F ,D e r  S p i l a p i p a , i n  S tu d ia  instrumentorurn 
musicae p o p u l a r i s ,M u s i k h i s t o r i s k a  m u seet ,S tock h olm  1972  
3 0 720 3  F r a n s s o n , F ,Experiments  on f lu t e s ,S T L R  4 ,  29 ( 1 9 7 2 )
3 173OI Frush,WH, P e r f e c t  v i o l i n ,  S t r  81+, 9 9 8 ,  115 ( 1 9 7 3 )
326401 F r y x e l l , RE, M o is tu re  on s t r i n g s ,  CASN 2 ,  8 ( 1 9 6 4 )
3265OI F r y x e l l ,RE, H i s t o r y  o f  v i o l i n s ,  CASN 4 ,  5 ( 1 9 6 5 )
326.502 F r y x e l l ,RE, M o is tu re  b r e a t h i n g ,  CASN 4 ,  14 ( 1 9 6 5 )
327301 F r y x e l l , R E ,S tr u e tu r e  o f  bow h a i r ,  CASH 2 0 ,  8 ( 1 9 7 3 )  
327401 Fulton ,W M ,01d  I t a l i a n  v a r n i s h , S t r  85 , 1 0 1 6 ,  491 ( 1 9 7 4 )  
328101 F r y x e l l , R E , M oistu re  b r e a t h i n g ,  CASN 3 5 ,  7 ( 1 9 8 1 )
335401 G a v r e a u , V , S i f f l e t s : t h e o r i e , Acus 4 ,  555  ( 1 9 5 4 )
335402  George,WH , Sound r e v e r s a l  t e c h n i q u e ,Acus 4 ,  2 2 4 ( 1 9 5 4 )  
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555101 L l o y d , L S ,Music & sound, Oxford UP, London 1951 
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566401 L o tterm o ser  & Meyer,Organ p i p e s ,  InsZ  18,  195 ( 1 9 6 4 )  
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578102 Lyons,DH, Resonance o f  r e c o r d e r ,  JASA 7 0 ,  1239 ( 1 9 8 1 )
587401 M c N u lty ,P J , I r i s h  u i l l e a n n  p i p e s ,  8ICA 1,  334  ( 1 9 7 4 )
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765401 R ic h a r d so n ,EG, G en era l  r e v ie w ,  Acus 4 ,  212  (1 9 5 4 )
765501 Richardson,EG ,A e ro d y n a m ic s , JASc 2 2 ,  775  ( 1 9 5 5 )
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865401 S k u d r z y k ,B , . . zum musik.Zusammenklang,Acus4» 2 4 9 ( 1 9 5 4 )
867401 S i r k e r , U , 0 b j e k t i v e  Frequenzmessung, STM, , 4 7  ( 1 9 7 4 )
86740 2  S i r k e r ,U ,B l a s i n s t r u m e n t e n k l a n g e n ,  Acus 3 ° ,  49 ( 1 9 7 4 )  
867901 S i r k e r , U ,Form ant . von H o l z b l a s . ,  Acus 4 1 ,  246 ( 1 9 7 9 )
877301 Smith & M e r c e r , P r e s s u r e  in  b a ssoon ,  JSV 3 0 ,  261 ( 1 9 7 3 )
877401 Smith,RA , I n t o n a t i o n  f o r  b r a s s ,  PhD Southampton 1974
877402  Smith & M e r c e r ,Woodwind tone c o lo u r ,J S V  3 2 ,  3 4 7 ( 1 9 7 4 )
877 4 0 3  Smith & Shaw,Tone g e n e r a t o r ,  AJP 4 2 ,  7 8 0  ( 1974)
877601 Smith & D a n i e l l , I n t o n a t i o n  in  wind,  Nat 2 6 2 ,  7 6 1 ( 1 9 7 6 )  
873101 S p e n c e r ,M ,H arp sichord  p h y s i c s ,  GSJ 3 4 ,  2 ( 1 9 8 1 )
887002  S t e t s o n , K A , H o lo g r a p h ic  t e s t i n g ,  CASN 1 4 ,  19 ( 1 9 7 0 )
8 8700 3  S t e t s o n , K A ,Hologram i n t e r f e r o m e t r y , 79ASA 9 ( 1 9 7 0 )  
887101 S t e t s o n , K A ,V i o l  w ith  w o l f  t o n e ,  CASN 1 6 ,  8 ( 1 9 7 1 )
887501 S t e p h e n s ,R W 3 ,S o u n d ( ln t e r n a t i o n a l  d i c t i o n a r i e s  o f
s c ie n c e  & te c h n o lo g y )C r o s b y  Lockwood S t a p l e s ,London 1975  
887602  S t e t s o n , K A , Mode d o u b l in g  & w o l f ,  CASN 2 5 ,  3 (1 9 7 6 )  
887701 S t e t s o n , K A , T h ick n ess  p e r t u r b a t i o n s ,  CASN 2 8 ,  32 ( 1 9 7 7 )
897801 S t r a h l e ,D ,T h o u g h t s  on v i o l s ,  CASN 2 9 ,  9 ( 1 9 7 8 )
898101 S tr o n g  e t  a l ,W a v e s  in  f l u t e ,  JASA 69 , S . 3 7 ,  ( 1 9 8 1 )
Author Codes 9 0  ~ 99
907402  S u t t o n , J F , V i o l i n  c o n s t r u c t i o n ,  S t r  84 , 1 0 05 ,  521 (1 9 7 4 )  
907901 S y r o v y ,V ,T r a n s i e n t e n a n a l y s e , 18 CSTS 1 59 ,  ( 1 9 7 9 )
913101 T a y l o r , J B , Open & stopped p i p e s ,  JASA 3 ,  5 ( 1 9 3 1 )
915302  Thurston & W o o d ,O r i f i c e  in  tu b e ,  JASA 2 5 ,  861 ( 1 9 5 3 )  
917601 T a y l o r , C A , Sounds o f  music ,  BBC, London 1976 
91790 3  T a y l o r , C A ,M u s ic a l  a c o u s t i c s ,  CP 20 , 515  ( 1 9 7 9 )
9 1 7 9 0 5  Thompson,R, Humidity o f  p l a t e s ,  CASN 3 2 ,  25  ( 1 9 7 9 )
918002  T a y lo r  ,CA, S c i e n c e  & v i o l i n ,  PRI 5 2 ,  145 ( 1 9 8 0 )
91800 3  Thwaites  & F l e t c h e r ,Waves on j e t s ,  Acus 4 5 ,  175 ( 1 9 8 0 )  
918101 T h w a ites ,S  ,A c o u s t  o f  c l a v i c h o r d ,  CASN 3 5 ,  29 (1981 ) 
918201 Thwaites  & F l e t c h e r , Waves on j e t s ,  Acus 5 1 ,  4 4  ( 1 9 8 2 )
927401 Tove & G h u ,V i o l i n  f i n i s h  & wood, CASN 2 2 , 5  ( 1 9 7 4 )
927602  Tove e t  a l , I o n  b a c k s c a t t e r i n g  & Xray,CASN 2 5 ,  4 ( 1 9 7 6 )  
927701 Townsend,PD,V i o l i n  bowing mechanism, CASN 2 8 ,  7 ( 1 9 7 7 )
936401 V e e n s tr a  , A , C l a s s i f i e s t i o n  o f  f l u t e ,  GSJ 17 ,  54 ( 1 9 6 4 )
941902  W e b s t e r ,AG, Theory o f  h o r n s ,  PNAS 5 ,  275  ( 1 9 1 9 )
914.7603 W e y e r ,R -D ,A t t a c k  o f  p i a n o ,  Acus 3 5 ,  232 ( 1 9 7 6 )
91+7604 Weyer ,R-D ,A t t a c k  o f  piano I I ,  Acus 36; 241 (1 9 7 6  )
9L+7701 Walker ,JR , Semiconductor  in  vo ic in g ,J A SA  62 ,S.i+4( 1977)  
9I+7702 W ein re ic h  ,G , Coupled p iano  s t r i n g s ,  JASA 6 2 ,  1 4 7 4 ( 1 9 7 7 )  
947901 W e i n r e i c h , G , Coupled pno s tr in g s ,S c A m  2 4 0 ,  1,  1 1 8 ( 1 9 7 9 )  
943101 W a t k in s o n ,P S ,W a l ls  o f  b rass  i n s t ,J I M I T  4 ( 1 ) , 1 9  ( 1 9 8 1 )  
948102  W e i n r e i c h , G , S y n t h e s i s  o f  p i a n o ,  JASA 69 , S ,88 ( 1 9 8 1 )
172
948103  W e in r e ic h  & A r n o l d , C o u p l in g  o f  v l n , J A S A 7 0 , S . 2 3 ( 1981)
948201 Watkinson e t  a l , E n e r g y  l o s s  in  b r a s s , A c u s 5 1 , 2 1 3 ( 1982)
948202  W e i n r e i c h , G ,V i o l i n  r a d i a t i v i t y ,  JASA 7 1 ,  S . 42 (1 9 8 2 )
948 2 0 3  Watson,MA , B a s i s  o f  Cremona sound,ScAm 2 4 6 , 2 , 3  ( 1982)
948 2 0 4  Watkinson et  a l , B r a s s  i n s t  b e l l s ,  JSV 85 , 1 ( 1 9 8 2 )
951501 W h ite ,G W ,W o lf  n o t e ,  POPS 18 ,  85 ( 1 9 1 5 )
956701 W i n c k e l , F , M u s i c , sound & s e n s a t i o n ,D o v e r , New York 1967 
957501 W i l k i n s o n , D , S t r a d i v a r i ’ s v a r n i s h , S t r  8 6 , 1 0 2 2 , 1 2 3 ( 1 9 7 5 )
964401 W o o d ,A ,P h y s ic s  o f  m u s ic ,  Methuen, London 1944
( 7 t h  ed rev Bowsher,  Chapman & H a l l ,  London 1975)  
967101 W o r m a n ,W ,0 s c i l l a t i o n s  in  c l a r i n e t , P h D  C le v e la n d  1971 
967401 W o o l l e n , A ,New i n s t r u m e n t s ,  S t r  8 5 , 1013 ,  265 ( 1 9 7 4 )
967501 Worman,WE, Boehm1s f l u t e  & R o c k s t r o ,  GSJ 2 8 ,  107 (1 9 7 5 )
967502 W y a tt ,T ,M y  complimentary r e c o r d e r ,  R&M 5 ,  120 ( 1 9 7 5 )
976601 Y a n k o v s k i i , BA, O b j e c t i v e  a p p r a i s a l ,  SPA 11 ,  231 (1 9 6 6 )  
976701 Y a n k o v s k i i , BA, Parameters  o f  wood, SPA 1 3 ,  125 ( 1 9 6 7 )  
973001 Y a n k o v s k i i , BA, Paradoxes  o f  v i o l i n ,  CASN 33> 9 ( 1 9 8 0 )
983601 Young & L o u g h r i d g e ,Waves in  f l u t e ,  JASA 7 ,  178 ( 1 9 3 6 )  
986201 Young,RW,Decade o f  mus a c o u s t ,  4  ICA,  P a r t  I I  ( 1 9 6 2 )
